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FOREWORD

It is with great pleasu:= that I have received an invitation to
write a brief introduction to the present volume for it brings together
the ideas of a group of eminent psychologists and educators discussing
a topic of primary importance: the development of raticnal and

“greative thought.

The Educaticnal Policies Commission was indeed insight¢ful in
stating this as the ‘central goal cf American education. This geoal
is really to create individuals capable of intellectual and moral
autonomy and capable of respecting this autonomy in others by apply-
ing the priaciple of reciprocity. The pedagogical prcblem created by
such a goal is in effect the central issue addressed in the following
chapters. It brings to the fore the question of active versus passive
learning. 1Is it 'possible for a student to achieve intellectual and
moral autonomy if he or she is not given an opportunity to achieve
knowledge through free investigation and spontaneous effort?

I offer my warmest thanks to my colleague Professor Constance
Kamii for so clearly and effectively presenting my point of view on
this subject and for helping focus attention on its pedagogical impli-
cations. 1In brief, my position is that active free investigation as
opposed to passive receptive learning is necessary to assimilate know-
ledge and form effective methods of study that will serve well for the
rest of life. Instead of having memory take priority over reasoning
power, or subjugating the mind to exercises imposed from outside, the
active learner will learn to make reason function by himself and will
learn to build and test his own ideas freely.

This Yearbook provides a rich diversity of opinion regarding the
develcopment of intelligence and creativity. This diversity is a
strength of the Yearbook vet the careful reader should note the
commonality that runs through a number of the chapters. That common-
ality is indeed the emphasis on the studen%s' own active participation
in the learning process, on their own experiences, on their formulation
of hypotheses, and on the verification of these hypotheses through
their own activities. It simply is not enough for the student to
listen to lessons in the same manner as an adult listens to & lecture
for reasoning to be created in the child and adolescent.

Jean Piaget



PREFACE

In The Central Purpose of American Education, 1961. the Educational %
Policies Commission stated that the central purpose of education was to 3
develop in students a condition callied freedom of the nind, i.e., the I
freedom to think and to choose. According to the Commission, the essence |
of the ability to think involves the raticnal processes of:

e recalling and imagining
e classifying and generalizing
e comparing and evaluaﬁing
e analyzing and synthesizing
¢ deducing and infe:riaé
In their view these processes, which they called the rational pgﬁers,

"enable one to apply logic and the available evidence to his ideas,
attitudes, and actions, and to pursue better whatever goals he may

have." ’
&‘\\\\\\ The science education éommunity’views development .of these
~—_ rational powers as an extremely wqorthy educational objective. Conse-

~~ _ quently in recent years there has been a considerable attempt to teach
the investigative prc.aesses of the scientist along with the subject
matter of the various scientific disciplines. This no doubt involves
use of the Educaticnal Policies Commission's rational powers. Never-
theless, a crucial link is missing--that is a viable psychological
theory in which to understand the rational processes and to guide
teachers in the design and delivery of instructional materials to
effectively enable students to develop and successfully use those
rational processes. '

It is recognized that the Educational Policies Commission itself
was guided by intuition rather than psychological theory in construct~
ing its list of ratiomal powers. Accordingly I have asked eminent
psychologists and educators to participate in the development of a
series of chapters that all address the same central questions con-
cerning the development of the' intellect and the design of instruction

~ from the perspective of their respective psychological theories.

The present volume hopefully will stand as a document of singular
importance in the development of a much needed theory of imstruction.
The Yearbook provides for the first time a single forum for the pre-
sentation of the prominent psychological views on the develcpment of
the intellect and how instruction can assist in this most significant
development.

} ’ '
Each chapter provides the reader with a presentation of the
author's psychological perspective of the development of rational
thought and creativity and how instruction can aid in this development.

Q ‘ '_ii~ (-
ERIC | , 5




To insure that the reader can identify points of agreement and dis-
agreement among authors as he reads the chapters, each author has
been asked to respond to the following series of questions at some
point during the presentation of his or her views:
.—-‘-\ . ‘
- 1. Do you view the Educational Policies Commission's 10
rational powers as fundamentally important aspects of
intellectual functioning? 1If so, why? If not, why not?
- If not, what aspects of intellectual functioning do you
see as fundamental? (i.e., How do the rational powers fit
or not fit within your ccncepticn of the development of the
intellect?).

2. Can instruction be designed and carried ‘out to promote the
development of these rational powers (or the rational pro-~
cesses you view as funsamental)?

3. Dces your theory provide a basis for the development of
these rational powers (or the rational processes you view
" as fundamental) through instruction? If so, how? 'If not,
what else is needed? (i.e., Does your theory dictate a
specific instructional model to promote the development of
these rational powers? If so, what is that model?).

4. Does your theory provide a basis for the sequencing of
. content in grades 1-127 1If so, please explain what that
sequence might be.

5. What teaching strategies, if any, do you view as important
* in the day-to-day activities of the classroom to encourage
the development of the rational powers?

6. What psychological and/or educational research, if any, do
you view as necessary to the development of scund instruc-
tional theory and practice?

Author selection was made with the intent of having prominent
schools of present-day psychological theory represented. To a large
part I was successful in this regard. The Piagetian, Ausubelian,
Gagneian, and Skinnerian points of view are presented by Constance
Kamii, by David Ausubel and Joe Novak, by Robert Gagne, and by Julie
Vargas and Roy Moxley, respectively. The Humanistic psychologists’

- point of view championed perhaps most vocally by Carl Rogers is

presented by David Aspy, the current director of the National Con-
sortium for Humanizing Education. A chapter by E. Paul Torrance, a
leader in the field of research into creativity, presents his views.
Robbie Case presents what he terms a Neo-Piagetian view of intellec~
tual development and its implications for rational power development.
Case's theory represents a synthesis of much of Piagetian psychology
with the recent work on memory development and models of information
processing. The chapters by Robert Karplus, and by Anton Lawson and
Chester Lawson alsc represent syntheses of ideas from a variety of
current areas of psychological research. A final area of current

iii




interest in the psychological and educational literatures is the field
of neurophysiology, specifically the receut research on split-brain
humans. This reseéarch, which shows that the two brain hemispheres
process iuformation in very different ways, is reviewed by Mary Ann
Mogus and its implications for teaching for creativity and rational

~ thought developmant are explored.

As you read the chapters you will most certainly find points of
agreement and disagreement among authors. One fundamental disagree-
ment centers around the isgue of whether or not gemeralizable rational
and creative abilities can in fact be significantly enhanced through
instruction. Ausubel takes the extreme position that little or nothing
can be done to teach generalizable problem sclving strategies since
genetics plays by far the most prominent role in their presence'or
absence and transfer from one discipline to others does mot occur,

Thus he concludes that we should not spend our time im attempting to
develop the use of general problem-solving abilities., Rather we should
be contented to teach the content of separate disciplines. Further we
should do it through expository metheds leading to what he terms "recep-
tion" learning.

Other chapter authors, although not in agreement among themselves

on many points, all take seriously enough the claim that generalizable
problem-solving abilities can be taught to detail their respective
psychological theories and implied educational practices to do so. No
doubt, as Ausubel tells us, heredity-like experience places limits on
creative achievement. Yet research and professional suggests that

~gains in creative and ratiomal problem-solving attitudes and asbilities

~ are substantial enough to justify the increasing educational and indus-~
trial interest in their training. Edwards (1968)%, for example, reported
the results of one extremely worthwhile creativity training program for
employees of the Syivania Electric Company. In his words the program -
resulted in "doubled profit, 2,100 new products; beat competition on two
new products; increased patent applications five~fold; saved $22 million."
Also companies such as Motorola claim hundreds of thousands ¢f dollars
in increased profits due to training programs in which employees learn
problem-solving techniques such as "causal analysis."

The Novak chapter echos Ausubel's emphasis on reception learning.
Novak, however, believes that, through the teaching of specific con-
cepts embedded in specific disciplines, students will in fact develop
rational and creative abilities. Novak concludes, as dces Ausubel,
that we should focus our efforts on the facilitation of "meaningful
T ' ‘learning.” Clearly no ‘educator would argue with the position that
learning should be meaningful, yet the Novak position seems to ignore
an important segment of recent psychological theory and research deal-
ing with problem-solving and creativity, Briefly put, the Novak
position reduces all cognitive behavior of importance to the classroom
teacher to "meaningful reception learning." This reduction may effect

*Edwards, M. W. "A Survey of Problem-Solving Courses," Joumnal of
Creative Behavior. 2: 33-51, 1968,
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parsimony, however, in giving simplicity of explanation it may sacrifice
completeness. ) N . ‘

It is towards the sake of completeness that Gagne, Torrance, Lawson
and Lawson, Karplus, Case, and Kami{ speak of cognitive strategies,
reasoning patterns, mental operations, and information processing tech-
niques, and suggest means of facilitating their development. And it is
. to this end that guthor Aspy urges that teachers show empathy, genuine=
ness and positive regard for student's ideas and problem-solving attempts
and author Mogus urges teachers to allow students to utilize both right
and left brain hemispheres in problem solving.

At this point it would be well to point cut one other. fundamental
theoretical disagreement. All but one of the chapters, that being the
radical behaviorist's chapter by Vargas and Moxley, present variations
on 38 cognitive=-as opposed to a behaviorist--theme of rational thought
and creativity development. Readers no doubt recognize the important
distinction between these two schools of thought. To the behaviorists
aill problem solving is ultimately reduced to trial-and-error and simple
conditioned responses. To the cognitive psychclogists on the other
hand, problem solving involves conscious, deliberate, and purposeful
mental activity. This difference is indeed most fundamental. Aze human
beings automatons reacting only to external, and after the fact, contine
gencies? Or are we guided by internal mental processes that allow
insight, purpose and emotion and that seek the maintenance of an
internal mental equilibrium?

The Vargas and Moxley chapter is surprising in this regard. They
accept the basic S-R explanation of human behavior, vet they find them-
selves endorsing a science curriculum such as that of the Science
Curriculum Improvement Study which was developed largely from the
cognitive psychologist's point of view.

My hope is that the Yearbook's chapters will provide much food for
thought, discussion and debate. Although a synthesis of the best of
the presented ideas, and ideas perhaps not yet thought of, into an
accepted theory of instruction must await the efforts of individual
readers, allow me to make the following prediction. That theory of
instruction, once accepted and put into effective use in our class-
rooms, will have as its central core the three-stage sequence of
instruction suggested by Karplus, by Lawson and Lawson, and by Terrance.

Part I of The Central Purpose of American Education has been
reprinted with permission of the National Education Associztion to
provide the reader with a framework within which to consider each
of the chapters in this yearbook.

S -
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PART I

EDUCATION IN THE AMERICAN SOCIETY
In any democracy education is closely bound to the wishes

of the people, but the strength of this bond in America has been '
unigue, The American peopie have traditionally regarded educa- -

tion as 2 means for improving themselves and their society. When-
ever an objective has been judged desirable for the individual or
the society, it has tended to be accepted as a valid concern of the
school. The American commitment to the free society—to indi-
vidual dignity, to personal liberty, to equality of opportunity—has
set the frame in which the American school grew. The basic
American value, respect for the individual, has led to one of the
major charges which the American people have placed on their
schools: to foster that development of individual capacities which
will enable each human being to become the best person he is
mpzble of hecoming.

The schools h:ave been designed also to serve socmtys needs.

The political order depends on responsible participation of indi-

vidual citizens; hence the schools have been concerned with good
citizenship. The economic order depends on ability and willing-
ness to work; hence the schools have taught vocational skills. The
general morality depends on choices made by individuals; hence
the schools have cultivated mora! habits and upright character.

Educational authoritics have tended to share and support
these broad concepts of educational purposes. Two of the best-
known definitions of purposes were formulated by educators in

1918 and 1938. The first definition, by the Commission on the

Reorganization of Secondary Education, proposed for the school
a set of seven cardinal objectives: health, command of fundamental
processes, worthy home membership, vocational competence,
effective citizenship, worthy use of leisure, and ethical character.
The second definition, by the Educational Policies Commission,
developed a number of objectives under four headings: self-reali-
zation, human reiatxonshxp economic efficiency, and civic respon-
sibizity.

The American school must be concerned with all these objec-
tives if it is to serve ull of American life. That these are desirable
objectives is clear. Yet they place before the school a problem of
immense scupe, for neither the schools nor the pupils have the time
or encrgy to engage in all the activities which will fully achieve
all these goals. Choices among possible activities are incvitable and
are constantly being madv in and for every school. But there is no
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consensus regarding a basis for making these choices. The need,

therefore, is f:rns principle which will enable the sch;dutlo identify
its necessary and appropriate contributions to indivi develop-
ment and the necds of society. : :

Furthermore, education does riot cease when the pupil leaves
the school. No schoo! fully schieves any pupil’s goals in the rela-

ﬁve]yshnﬂ_ﬁmehespm&sinthedmmschoolmh

rather o equip the pupil to achieve them for himself, Thus the
search for 2 definition of the school’s necessary contribution entails

an understanding of the ways individuals and societies choose and -

achieve their goals. Because the school must serve both individuals
and the society at large in achieving their goals, and because the
principal goal of the American society remains freedom, the re-
quirements of freedom set the frame within which the school can
discuver the central focus of its own efforts,

FREEDOM OF THE MIND
The freedam which exalts the individual, and by which the

worth of the society is judged, has many dimensions. It means

freedom from undue governmental restraints; it means equality

in political participation. It means the right 0 eam and own

. property and decide its disposition. It means equal access to just

processes of law. It means the right to worship according to one's

. Qonscience.

Institutional safeguards are a necessary condition for freedom.
They are not, however, sufficient to make men free. Freedom
requires that citizens act responsibly in all ways. It cannot be pre-
served in a society whose citizens do not value freedom. Thus
belief in freedom is essential to maintenance of freedom. The
basis of this-belief cannot be laid by mere indoctrination in princi-
plés of freedom. The ability to recite the values of g free society
does not guarantee commitment to thase values, Active belief in
those values depends on awareness of them and of their role in
life. The person who best supports these values is one who has
examined them, who understands their function in his life and
in the society at large, and who accepts them as worthy of his own

~support. For such a person these values are consciously held and

consciously approved.

The conditions necessary for freedom include the social insti-
tutions which protect frecdom and the personal commitment which
gives it force. Both of these conditions rest on one condition withia
the individials who compose a free society. This is freedom of

the mind.

vii .
. VY

b R
. A.x;ﬁk\&!“ e ~



Freedom of the mind is a condition which each individual

mist develop for himself. In this sense, no man is born free. A free

. society has the obligation to create circumstances in ‘which all

individuals may have opportunity and encouragement to attain

freedom of the mind. If this goal is to be achieved, its requirements
must be specified. -

To be free, 3 man must be capable of basing his choices and
actions on understandings which he himself achieves and on values
which he examines for himself. He muit be aware of the bases
on which he accepts propositions as true. He must understand
the values by which he lives, the assumptions on which they rest,
and the consequences to which they lead. He must recognize that
others may have different values. He must be capable of analyzing
the situation in which he finds himself and of developing solu-
tions to the problems before him. He must be able to perceive and
understand the events of his life and time and the forces that
influence and shape those events. He must recognize and accept
the practical limitations which time and circumstance place on his
cheices. The free man, in short, has a rational grasp of himself,
his surroundings, and the relation between them.

He has the freedom to think and choose, and that freedom
must have its roots in conditions both within and around the
individual. Society’s dual role is to guarantee the necessary environ-
ment and to develo the necessary individual strength. That indi-
vidual strength springs from a thinking, .aware mind, a mind
that possesses the capacitv to achieve aesthetic sensitivity and
moral responsibility, an enlightened mind. These qualities occur
in a wide diversity of patterns in different individuals. It is the
concention of this essay that central to all of them, nurturing them
and being nurtured by them, are the rational powers of man.

/ THE CENTRAL ROLE OF THE
RATIONAL POWERS

The cultivated powers of the free mind have always been
basic in achicving freedom. The powers of the free mind are many.
In addition to the rational powers, there are those which relate
to the aesthetic, the moral, and the religious. There is a untique,
central role for the rational powers of an individual, however, for
upon them depends his ability to achieve his personal goals and
to fulhll his obligations to society.

viigf
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These powers involve gife pracesses of recalling and imagin-‘

ing, classifying and izing, comparing and evaluating,

analyzing and synthesizing, and deducing and inferring. These

progesses enable one 6 apply logic and the quailable evidence to

his ideas, attitudes, actions, and to pursue better whatever
;goals he may havg!.

" This is nor'to say that the rational powers are sl of life or all

of the mind, but they are the essence of the ability o think. A

thinking pefson is aware that all persons, himself included, are

both ratignal and nonrational, that each person perceives events
throughthe screen of hi¢ own personality, and that he must take
accoutit of his personality in evaluating his perceptions. The ra-

 tional progesses, morcover, make iatelligent choices possible.

Through them a person can become aware of the bases of choice

_ ,,e"!in his values and of the circumstances of choice in his eavironment.
Thus they are broadly applicable in life, and they provide a solid

basis for competence in all the areas with which the school Las
traditionally been concerned.

The traditionally accepted obligation of the school to teach

the fundaniental processes--an obligation stressed in the 1918 and
1938 statements of educational purposes—is obviously directed
toward the development of the ability to think. Each of the school’s
other traditional objectives can be better achieved as pupils develop
this ability and learn to apply it to all the problems that face them.

Health, for example, depends upon a reasoned awareness of

~ the value of mental and physical fitness and of the means by which

it may be developed and inaintained. Fitness is not merely a func-
tion of living and acting; it requires that the individual understand
the connection among health, nutrition, activity, and environment,
and that he take action to improve his mental and physical con-
d zion.

Worthy home membership in the modern age demands sub-
stantial knowledge of the role that the home and community play

in human development. The person who understands the bases
of his own judgments recognizes the home as the source from
which most individuals develop most of the standards and values
they apply in their lives. He is intelligently aware of the role of
.emotion in his own life and in the lives of others. His knowledge
of the importance of the home envirunment in the formation of
personality enables him to make reasoned judgments about his
~domestic behavior. |

ix



Mare than ever before, and for an ever-increasing proportion
of the population, vocational competesce requires developed ra-
. tional capacities. The march of technology and science in the

modern society progressively eliminates the positions open to low-
level talents. The man able to use only his hands is at a growing
disadvantage as compared with the man who can also use his head.
Teday even the simplest use of hands is coming o require the
simultaneous employment of the mind. | |

Effective citizenship is impossible without the ability to think.
The good citizen, the one who contributes effectively and respon-
sibly to the management of the nublic business in a free society,
can fill his role only if he is aware of the values of his society.
Moreover, the course of events in modem life is such that many
of the factors which influence an individual's civic life are increas-
ingly remote from him. His owns firsthand experience is no longer
an adequate basis for judgment. He must have in addition the
intellectual means to study events, to relate his values to them,
and to make wise decisions as to his own actions. He must also
be skilled in the processes of communication and must understand
both the potentialities and the limitations of communication among
individuals and groups.

The worthy use of leisure is related to the individual’s knowl-
edge, understanding, and capacity to choose, from among all the
activities to which his time can be devoted, those which contribute
to the achievement of his purposes and to the satisfaction of his

needs. On these bases, the individual can become aware of the
external pressures which compete for his attention, moderate the
influence of these pressures, and make wise choices for himself.
- His recreation, ranging from hobbies to sports to intellectual
activity pursued for its own sake, can conform to his own concepts
of constructive use of time,

The development of ethical character depends upon commit-
ment to values; it depends also upon the ability to reason sensi-
tively and responsibly with respect to those values in specific
situations. Character is misunderstood if thought of as mere con-
formity to standards imposed by external authority. In a free
society, ethics, morality, and character have meaning to the extent
that they represent affirmative, thoughtful choices by individuals.
The ability to make these choices depends on awareness of values
and of their rolc in life. The home and the church begin to shape
the child’s values long before he goes to school. And a person
who grows up in the American society inevitably acquires many
values from his daily pattern of living. American children at the
age of six, for example, usually have a finn commitment to the



. concept of fair play. This is a value which relates directly to such
broad democratic concepts as justice and human worth and dignity.
- But the extension of this commitment to these broader democratic
values will not occur unless the child becomes aware of its impli-
cations for his own behavior, and this awareness demands the
ability to think.

A person who understands and appreciates his own values is
most likely o act on them. He learns that his values are of great
moment for himself, and he can look objectively and sympatheti-
cally at the values held by others. Thus, by critical thinking, he
can deepen his respect for the importance of values and strengthen
his sense of responsibility. |

The man who seeks to understand himself understand- also
that other human beings have much in common with him. Eis

understanding of the possibilities which exist within 2 human

being strengthens his concept of the respect due every man. He
recognizes the web which relates him to other men and perceives
the necessity for responsible behavior. The person whose rational
powers are not well developed can, at best, learn habitual responses
and ways of conforming which may insure that he is not a detxi-
ment to his society. But, lacking the insight that he might have
achieved, his capacity to contribute will inevitably be less than it
might have become.

Development of the ability to reason can lead also to dedica-
tion to the values which inhere in rationality: commitment to
konesty, accuracy, and personal reliability; respect for the intellect
and for the intellectual life; devotion to the expansion of knowl-
edge. A man who thinks can understand the importance of this
ability. He is likely to value the rational potentials of mankind as
essential to a worthy life.

Thus the rational powers are central to all the other qualities
of the human spirit. These powers flourish in a humane and
morally responsible context and contribute to the entire personality.
The rational powers are to the entire human spirit as the hub is

to the wheel.

These powers are indispensable to a full and worthy life.
The person in whom—for whatever reason—they are not well de-
veloped is increasingly handicapped in modern society. He may
be able to satisfy minimal social standards, but he will inevitably
lack his full measure of dignity because his incapacity limits his
stature to less than he might otherwise attain. Only to the extent
that an individual can realize his potentials, especially the develop-
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ment of his ability to think, can he fully achieve for himself the
dignity that goes with freedom. ) '

" A person with developed rational powers has the means to
be aware of all facets of his existence. In this sense he can live
to the fullest. He can escape captivity to his emotions and irra-

" tional states. He can enrich his emotional life and direct it toward -
ever higher standards of taste and enjoyment. He can enjoy the -
political and economic freedoms of the democratic society. He can
free himself from the bondage of ignorance and unawareness. He
can make of himself a free man. - .

THE CHANGES IN MAN’S UNDERSTANDING
AND POWER

The foregoing analysis of human freedom and review of the
central role of the rational powers in enabling a person to achieve
his own goals demonstrate the critical importance of developing
those powers. Their importance is also demonstrated by an analysis
of the great changes in the world. |

Many profound changes are occurring in the world today,
‘but there is a fundamental force contributing to ali of them. That
force is the expanding role accorded in modern life to the rational -
powers of man. By using these powers to increase his knowledge,
man is attempting to solve the riddles of life, space, and time
which have long intrigued him. By using these powers to develop
sources of r.ew energy and means of communication, he is moving
into interplanetary space. By using these powers to make a smaller
world and larger weapons, he is creating new needs for interna-
tional organization and understanding. By using these powers to
alleviate disease and poverty, he is lowering death rates and expand-
ing populations. By using these powers to create and use a new
technology, he is achieving undreamed affluence, so that in some
societies distribution has become a greater problem than production.

While man is using the powers of his mind to solve old riddles,
he is creating new ones. Basic assumptions upon which mankind
has long operated are being challenged or demolished. The age-old
resignation to poverty and inferior status for the masses of human-
ity is being replaced by a drive for a life of dignity for all. Yet,
just as man achieves a higher hope for all mankind, he sees also
the opening of a grim age in which expansion of the power to
credte is matched by a perhaps greater enlargement of the power
to destroy.
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’ As man sces his power. expand, he is coming to realize that

the common sense which he accumulates from his own experience
is not a sufficient guide to the understanding of the events in his
own life or of the nature of the physical world. And, with combined
uneasiness and exultation, he senses that his whole way of looking
at life may be challenged in a time when men are returning from

space.

Through the ages, man has accepted many kinds of proposi-
tions as truth, or at least as bases sufficient for action. Some propo-
sitions have been accepted on grounds of supesstition; some on
grounds of decree, dogma, or custom; some on humanisic, aes-
thetic, or religious grounds; some on common sense. Today, the
role of knowledge derived from rational inquiry is growing. For
this there are several reasons.

In the first place, knowledge so derived has proved to be
man'’s most efficient weapon for achieving power over his environ-
ment. It prevails because it works. -

More than effectiveness, however, is invalved. There is high
credibility in a proposition which can be amived at or tested by
persons other than those who advance'it. Modesty, too, is inherent
in rational inquiry, for it is an attempt to free explanations of
phenomena and events from subjective preference and human
authority, and to subject such explanations to validation through
experience. Einstein’s concept of the curvature of space cannot be
demonstrated to the naked eye and may offend common sense:
but persons who cannot apply the mathematics necessary to com-
prehend the concept can still accept it. They do this, not an Ein-
stein’s authority, but on their awareness that he tsed rational
methods to achieve it and that those who possess the ability and
facilities have tested its rational consistency and empirical validity.

In recent decades, man has greatly accelerated his systematic
efforts to gain insight through rational inquirv. In the physical and
biological sciences and in mathematics, where he has most success-
fully applied these methods, he has in a short time accumulated
a vast fund of knowledge so reliable as to give him power he
has never before had to understand, to predict, and to act. That is
why attempts are constantly being made to apply these methods to
additional areas of learning and human behavior.

The rapid increase in man's ability to understand and change
the world and himself has resulted from increased application of
his powers of thought. These powers have proved to be his most
potent resource, and, as such, the likely key to his future.
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THE CENTRAL PURPOSE OF THE SCHOOL

‘The rational powers cf the human mind have always been
basic in establishing and preserving freedom. In furthering per-
sonsl and social effectiveness they are becoming more important
than ever. They are central to individual dxgmty, huma:: pmg:ess,
and national survival.

The individual with developed rational powers can share
deeply in the freedoms his society offers and can contribute most
to the preservation of those freedoms. At the same time, he will
have the best chance of understanding and contributing to the .
great events of his time. And the society'which best develops the
rational potentials of its people, along with their intuitive and
aesthetic capabilities, will have the best chance of flourishing in
the future. To help every person develop those powers is therefore
a profoundly important objective and one which increases in impor-
tance with the passage of time. By pursuing this objectiye, the
school can enhance spiritual and aesthetic values and the dther

~ cardina! purposes which it has traditionally served and must con-
tinue to serve. .o

The purpose which runs through and strengthens all other
educational purposes—the common thread of education—is the
development of the ability to think. This is the central purpose
to which the school must be oriented if it is to accomplish either -
its traditional tasks or those newly accentuated by recent changes
in the world. To say that it is central is not to say that it is the
sole purpose or in all circumstances the most important purpose,
but that it must be a pervasive concern in the work of the school.
Many agencies contribute to achieving educational objectives, but
this particular objective will not be generally attained unless the
school focuses on it. In this context, therefore, the development of
every student’s rational powers must be recognized as centrally

~ important.
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- LEARNAELE ASPECTS OF HUMAN THINKING

Rodert X. Gagne
Florida State University

! . INTRODUCTION

As a goal for human development, an individual capability for
original, “creative® thinking has often been affirmed {(e.g., Barzon,
1868; Xoestler, 1964; Coler, 1963). The apparent consensus with _
respect to this idea, when stated in such general terms, serves to L,
mask a large amount of disagreement about the basic definition of :
creative thinking, and even more concerning explanations of creativity
(Rothenberg and Hausman, 1876j. There is also frequent endorsement of
the positive role which can de played by educaticnal programs in fos-
tering the capability of creative thinking (Bruner, 1960; Taylor and
.Barron, 1863; Torrance, 1963; Suchman, 1961). 1In this area, too, the
agreement on a general geoal cannot hide great divergence in ideas
about how much and by what means students can attain powers of
creative thinking (Rothenberg an& Hausman, 1976; Crovitz, 197C;
Ausubel, 1868} .

An important document expressing optimism about the widespread
attainability and teachability of powers of rational thought is the
report entitled The Central Purpose of American Educaticn, by the
Educational Policies Commission of the National Education Association
of the United States (1961y, This influential report relates the
general goal of “freedom to think" to mental development that can be
fostered by the formal education of the schocl. While acknowledging
the importance of the content areas comprising the cardinal principles
of the Commission on the Reorganization of Secondary Education (1918),
the report attributes a central role in the development of human thi
ing to a set of rational powers, or thinking processes. The develop-
ment of these powers is conceived to be the central purpose of schoolidg
and the :eport offers examples of how teaching may be oriented to this

puzrpose.

Scientists and science educators in particular are frequently co
cerned that provisions for scientific reasening, invention, and creative
thinking be reflected in school curricula. Virtually every one of th
nationally organized science programs developed during the decade of
the '60s incli?as in its stated purposes the idea that students will
be led to “think like scientists." Presumably, such a phrase was
employed to reflect the intention of encouraging attitudes ‘of objec-
tivity, respect for empirical evidence, avoidance of over-generalized S

conclusions, and the like. 1In part alsc, thinking like a scientist was g —
taken to mean critical thinking, logical reasoning, and appropriati“&gé !

of analogy. Armed with such prerequisite capabilities, it was hoped } )
that some students would become the creative scientists of the next L_x/

generation, while most others would at least possess “scientific
literacy.”

~
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These ideas fc:n a dbackground for this chapter. What T intend to
do .‘m approaching the topic of the lsarnable aspects of human thinking
is, first, to review some of the major contemporary evidence and theozxy.
Valuable formulations of the prediem, and evidence pertaining to thenm,
have been contributed in recent years By science educators and dy
psychologists., Drawing upon these scyrcas, I shall attempt to provide
an acceunt of human thinking which is in the traditien of modern cogni-
tive puychelagy. employing the general cenception of information=
Processing as a theoretical basis. Seeking to identify the human
capabilities that are involved in problem solving and creative thinking,
I shall consider what we know about their learnability, and what implx—
cations may be drawn for edu:at;anal practice.

INTELLECTUAL COMPONENTS OF SCIENTIFIC THINKING .

I£ the problem of how to teach thinking is to be faced, it is
evidently necessary as a first step to identify the intellectual capa-
bilities ("rational powers") that enter intc such thinking, and to
define their characteristics as well as may currently be possible.
Although progress has been made in recent years in this problem area,
we do not yet have the sort of basic list of these capabilities that
engenders confidence.

As mentiocned in the report on The Central Purpose of American Edu-
cation {Educational Policies Commission, 1961), the rational powers
include the processes of "recalling and imagining, classifying and
generalizing, comparing and evaluating, analyzing and synthesizing,

and deducing and inferring” (p. 5). A list of this sort cries out for
the disciplined thinking that scientists know as operational defini-
tion. Were that to be undertaken, it would probably be apparent that
some of these "powers" are involved in fairly routine kinds of human
performances (e.g., "recalling"}, whereas others are likely to occur as
component steps in highly complex intellectual activities (e.g., “syn-

thesizing"). Scme of these powers, as well, might be faund being applied

to any specific situation by a high percentage of the human population,
whereas others’'would be employed by eonly a small percentage of that popu-
lation.

It is alsec not apparent that a list such as this is inclusive of
the kinds of intellectual capabilities involved in scientific thinking.
Are these indeed the processes involved in what the scientist identi-
fies as problem definition, theory construction, hypothesis derivation,
hypothesis testing, experiment design, data analysis, and conclusion
drawing? It has often been pointed out that these "scientific opera-
tions" are not themselves descriptioas of the thinking processes of
scxentzsts. What, then, are the intellectual processes involved in each
‘of these phases of scientific investigaticon? Presumably, a proper
approach to this question employs a well-known tool of contemporary
cognitive psychology, which'is called “task analysis" (Gagne, 1877),
or "information~processing analysis." Basically, this is a matter of
constructing flow-diagrams which analyze complex activities into simpler
components, some of which are internal (cognitive) processes. Examples
of the technique are described by Greeno (1976}, Resnick and Glaser
{1976}, and Newell and Simon (1972).

b
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A task analysis approach to each ?at the various cperations that
are considered to make up "scientific\hinking® would be likely to
identify a number of intellectual processes that have a variety of
functions in scientific investigation. Some of these would doubtless
be of very general applicability to human thought (such as memery
storage, search, and retzieval)}, while others would pertain more
specifically to the solving of problems (such as analyzing, planning,
transforming, ete.). Notable, however, is the cbservation that task
analysis would be likely to reveal a fair number of different inteilec—
tual processes, not a very small number. Human thinking is a complex
matter, and cannot be reduced to one or two intellectual capabilities,

Suggested Intellectual Capabilities in Thinking

Writers and investigators who think about human thinking often
begin with widely different basic assumptions. A commonly emploved
theoretical basis for investigations of thinking is that of Piaget
(1870} , and particularly the idea of formal operational reasoning
described by Inhelder and Piaget (1958). This single~stranded notion
of human rationality is exemplified by wvarieties of problems of a
scientific nature, such as those requiring the conservation of volume
or weight, using proportions, and controlling variables (Levine and
Linn, 1977). Psychologists have employed many kinds of problems in
their attempts to investigate human thinking (Davis, 1973; Johnson,
1972) . Sometimes the tasks used have been concrete and practical,
and at other times highly abstract. In recent years, greatest progress
appears to have been made within a cognitive or "infomation-processing®
framework, as exemplified by the work of Newell and Simon (1972).

Formal Operations

Thinking ability is conceived by Inhelder and Piaget (1958} as a
matter of attaining capabilities of reasoning including 16 logical
operations which make up formal operations. This stage of development
is attained in the early adolesgent years, and commonly exhibited by
age 14 or 15.

These investigators employed 15 different problem tasks for admin-
“istration to children of various ages, in studying the changes from
concrete operational thought to formal operational thought. An example
of a problem task is the "bending rods" demonstration, in which six
rods of varying length, width, cross-secticnal shape, and material
composition are shown, along with weights which can be hung from the
rods. The children are asked to find out which rod bends the most,
and to explain what makes one rod bend more than another, The formal
. operational ‘level is considered to be exhibited, with this problem,
when individuals are able to describe a proof involving holding "all
other things equal." In other words, formal operational thinking
includes the idea of control of variables, in seeking to isclate the
influence of a particular variable.

RS



Prodlems in Science

. The work of Piaget and Inhelder has attracted much attention from
science educators, who readily perceive the relation detween the tasks
-used and these that occur as part of instruction in physical science.
The study of science, insofar as it aims to reflect the activities of
scientists, vrequires the use of formal operational logic. Understand-
ing the derivation and the use of scientific principles would appear
to demand a kind of abstract thinking that extends beyond the concrete
oPerational stage, as conceived by Piaget (1570). Even a basic under-
standing of scientific concepts (e.g., mass) would seem to require
abgtract thought. Yet a quality of human performance of that sort,
althouqh cbvicusly prerequisite, would appear still ¢o de a far cry.
from "creative thinking" or even "thinking like a scientist.”

Working usually within the framework of Piaget's conception of
intellectual development, science educators have investigated a number
of different problem tasks, and related student performance on these
tasks to variables such as age, amount, and kind, of prior instruction.
For example, such Piagetian tasks as conservation of weight, conserva-
tion of volume, and displacement volume have been employed to study
children's thinking at the concrete operational level (Lawsen and Nord~
-land, 1976; Lawson and Renner, 18975; Karplus and Lavatelli, 18€9).

Scme of the problems employed by Inhelder and Piaget ({1958), including
the bending rods task, the pendulum task, and the balance beam task
have been used to assess the attainment of formal eperatzanal thought
(Lawson and Wellman, 19876€).

Other investigators have invented new tasks designed to reflect
variocus levels of concrete operational, transitional, and fomal oper-
ational thought. Summary descriptions of such tasks are contained in
articles by levine and Linn (1977) and by Lawson and ‘Wollman (1976).

Of particular note are tasks of proportional reascning devised by
Rarplus, which have been employed in a number of investigations of
science students of various ages (Karplus, Karplus and Wollman, 1974;
KXarpius and Peterson, 1970). With these tasks and with others, investi~-
gaters have generally found low percentages (25-35%) of adolescent
students, ages 14~17, capable of engaging in formal operational thought
(Levine and Linn, 1877; Blasi and Hoeffel, 1974).

A few studies have attempted to go beyond the attainment of formal
operations to encourage the development of creative thinking in science
students (Davis, Raymond, MacRawls and Jordan, 1976; Hill, 1976;
McCormack, 1971). While gains in achievement have sometimes resulted
frem these special teaching efforts, no general finding of increased
"creativity” has been obtained. Creativity measures have included
these described by Guilford and Merrifield (13860), and by Torrance
{1866). It is not an unusual finding in such studies (e.g., Davis,
Raymend, MacRawls and Jordan, 1976} that instruction which emphasizes
fluency of thought leads to improved test scores on measures of the
same kind (Maltzman, 1960). Establishing creative thinking as an endur=~

ing tendency or human trait presumably requires more elaborate provisions

for the control of variables, as Johnson (1972) points out.
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?:zeh§10g5551 Conceptions of Thinking

Naturally encugh, human thinking has a relatively long history of
ivestigation in the field of psychology (cf., Davis, 1873; Johnson,
1972; Mandler and Mandler, 1964). Although the term thinking is
usually conceived as having a rather broad meaning with reference to
cognitive processes, prodlem solving is the térm gost preferred by
psychologists whoe study this aspect of human functioning. As for

creative thinking, most psychologists would probably agree with Newell,

Shaw, and Simon (1962) that this class of activity has somewhat hazy
boundaries. Problem solving, they sidy, is called ¢creative to the
extent that (1) the product has novelty and value; (2) the thinking -
is unconventional; (3} the thinking requires high motivation and per~
sistence; and (4) the prcblem as posed was vague or ille-defined.

The processes considered to make a critical difference in prodlem
solving are of various sorts. In the past, they have often been asso-
ciated with the more general theories of certain “schools"™ of psycho~
logy, or at least with certain prototype experiments. A recent critical
review of problem solving investigations is given by Mayer (1977). Ris
description of critical processes includes the following:

1. Tke dominance of responses or “habit families,” as brought
about by a previous reinforcement history, is the concep-
tion of problem solving favored by the associationist
tradition (Duncan, 1867},

2. Thinking as hypothesis testing is exemplified in experi~-
mental studies of concept using, of which a prominent
example is described by Sruner, Goodnow, and Austin (1956).
These investigators emphasize strategies of hypothesis
selection as critical processes in thinking.

3. The idea of reorganizing the elements of the problem struc-
ture is emphasized in the writings of Gestalt psycholegists.
The reorganizing process can often be stimulated by means
of a verbal "hint" providing direction. Examples of this
conception are found in the work of Maier (1230) and Ratona
(1840). :

4. Thinking is sometimes conceived as assimilation to a schema,
i.e., to a meaningful organization within the learner's
memory. A schema may involve concrete components, imagery,
or other forms @f problem representation. Relevant modern
studies are those of Mayer (1975} and Paige and Simon (1566),

5. An information-processing account of problem solving is the
best~known contemporary conception, which incorporates a
number of ideas of previous models cof thinking. /Sssentially,
this view proposes that problem solving involves a sequence .
of mental cperations.

14
LY
ok,

e

<
4]
3
i
3
i
G



The theory of problem solving presented by Newell and Simol (1872;
also, Simon, 1978) attempts to account for the interacticn bhetwedq the
problem solver (called an information-processing systsm) and the probe
lex task as presented (called the task environment]. In dealing with o
the task, the problem solver represents the task environment as a 2
brodlexm space, which~is his way of viewing the task envirorment. There "
are, of course, many kinds of prodiems, and accordingly many kinds of =
‘task enviromments. The structures that are possible in this problem
space are limited by the structure of the task environment. And in
turn, the possible problem=-sclving strategies that can de employed are
determined by the structu:s of the problem space.

Accnrd;ng to this theory, problem solving proceeds as the prchlem
solver constructs an internal representation of the problem, and then
searches his mamoxy for an available strategy ("method™) that bears a
rational relation to attaining a problem sclution. This stratevy is
applied, and comes to control the thinking behavior of the problem
solver. If found to be unsuccessful, andther strategy may be selected,
or a different internal representation may be constructed (i,e., the
Problem may be formulated). An important aspect of the problem solving
process corsists of evaluation of the differences between a current -

state of affairs and the desired state, a procedure usially callad
means-end analysis. .

The process of problem solving, as viewed by this information~
processing theory, is influenced by such factors as (1) the problem-
solver's capability ia constructing an internal representaticr of the
problem; (2) the availabilit: of problem-solving strategies; (3). the
availability in the p:eblem—salver s memory of a steose of general
knowledge relevant to problem representation and to means-end analysis
~ (Simon, 1978; Newell, Shaw and Simon, 1962),

A classification of problem types, viewed €frem the information-
processing standpoint, and an initial overview of the human abilities
involved in achieving sclution of these types, has been made Dy Greend
(1978). A summary of some important points of this article is as
follows: ' ‘

1. Problems of inducing structure. The task presented by these
problems s to induce a total structure from parts which are given.
Analogy problems (HAND: GLOVE::FOOT: SHOE) and series-extrapolation
problems (A B RC DR ~ -~ =) are examples which have been studied
extensively. Greeno considers these problems to involve processes of
. "understanding," analogous to the understanding of a sentence. The

Xinds of skills and knowliedge required for solution are identified as
{(a] a process of "apprehending the relations" among the problem ele-
ments, and (b} “generating an integrated representation of the pattern.”
Evidently, this means that successful problem sclution is influenced by
skill in identifying pattern relations, and by knowledge of the ele-
ments ¢£ the pattern (which may be words or pictures).

. 2. DProblems of transformation. In these problems, the task is
to operate con a situation and transform it to a different situaticn,
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the latter representing the goal., Generally, these are "change® or
"move" prablems, including the Tower of Hanoi, proofs of thecrems, and
water-jug problems (Luchins, 1942}. Abilities for analyzing and plane
ning, to carry ocut means-end analyses, are iuvolved in these problems,
according to Greeno. The selection of strategies for planning is of
congiderable importance as a human ability, Other factors of relevance

are (a) skill in identifying features of the situation reiatad to later

outcomes, and (b) skill in using complex, integrated operations (as an
example, arithmetic computation).

In many cases of transformation problems the inducing of structure
is also required. The process of initial understanding of the problem
is involved, as studied by Haves and Simon (1974), Simon and Hayes
(1976) , using tasks differing in content but otherwise isomorphic to
the Tower of Hanoi. The abilities identified by Greene relating to
this category of problem are the “understanding® previocusly mentioned,
and the general knowledge available in the problem-sciver's long-texm
memory.

3. Problems of arrangement. In problems of this sort, some com-
penents are presented, and the task is to find an arrangement that meets
a stated criterion. A common example is an anagram (NCABO) ard a some~
what more complex type is cryptarithmetic (Newell and Simon, 1972), as
repraesented by the problem DONALD + GERALD = ROBERT. Card—arrangement
problems (Xatona, 1940} are other examples. According to Greeno's
interpretation of the evidence, human abilities required for successful
solution of such tasks include (a) fluency in generating trial partial
solutions; (b} accessibility in the problem-solver's memory of solution
Patterns; (¢} availability of rules that reduce the search possibilities
(such as the rules of English phonology, as applied to anagrams); (&}
specific strategies of task procedure (as in reordering the letters of
an anagram in & consistent way).

4. Problems of transformation of arrangements. These are probe-
loms in which an arrangement of element$§ is given, and the task is to
bring about a structural transformation of this arrangement. Examples
are the matchstick problems of Katona (1940} and chess problems (Simon
and Gilmartin, 1873}. Such procblems as these, Greeno says, partake of
human abilities required for transformation prcblems, and also theose
for arrangement prcblems. In addition, studies have emphasized the
possession of prerequisite skills such as the identification of

Ppatterns by chess masters (Chase and Simon, 1973; deGroot, 1966).

Besides the initiation of detailed task analyses which Greenc's
work suggests, perhaps the most important general point being made by
this article runs as follows. Not only are there many specific kinds
of problems to challenge human thinking, there are also different
types of problems, requiring different combinations of intellectual
processes. In order toc understand human thinking, one must analyze
the particular kinds of processing involved in each type of problem,
Sometimes these processes are of a very general sort, such as the
storage and retrieval of general knowledge, . In other instances they
may be very specific, such as skill in identifying patterns of letters

c.; ‘\;



or chess pieces. The variety and specificity of problem types argues
against understanding human problem solving in terms of a single con-
ceptual scheme, such as the employment of forms of logic suggested by
Piaget (1970}, or the presence of a small set of general adilities of
thiiking.

ELMAN CAPABILITIES IN PROBLEM SOLVING

It is evident from the preceding selective summary of problem-
solving research and theozy that this field of investigation is still
in a stage of exploration and ferment, Despite this fact, it may de
possibie to draw some general conclusions concerning human thinking

. which reflect current knowledge. My intention in this section is to
do the following two things: (1) state ¢he general concepticns of
human capabilities which appear to be present in problem solving, or
which have emerged as likely conclusions from research on this topic;
and (2) indicate the likely possibilities of the learnable nature of
these capabilities. This account is preliminary to a later considera-
tion of alternative ways of conceiving of “learnable aspects of problem
sclving."

varieties of Human Capabilities

Current theoretical writing on human problem solwving is plagued by
a profusion of terms. Terms such as mental operation, processes, under-
standing, analysis, representation, construction, method, strateqy, and
the like are common in the information-processing literature on human
problem-solving. Sometimes different terms have identical meanings,
whereas sometimes the meanings are overlapping, rather than identical.
I strongly believe that psychological thinking, as well as writing,
would be improved by agreement on some terms for differenmt kinds of
human capabilities (Gagne, 1977). In considering this issue from the
standpoint of instruction and its effect on human learning, I have found
it desirable to distinguish five kinds of human capabilities, as follows:

1. Intellectual skill. Stored in long-term memory are capabili~
ties that make it possible for the individual to carry out procedures
with symbols (as contrasted with procedures that employ bedily movement) .
Intellectual skill is a general name for such capabilities, which include
identifying classes of stimuli (sometimes called concepts) and applying
relations among concepts (Gbually called rules). Possessing an intellec~
tual skill means "knowing hoy,"” as opposed to "knowing that." Examples
are the various operations of mathematics, the principles of science,
the rules of syntax.

2. Verbal {nformation. Knowledge of the world, specific and
general, organized in various ways, is also & human capability. This
is "knowing that.” 1In its simplest form, it is the names of objects.
In complex fomm, it is organized bodies of knowledge. Information is

B called “verbal," not because it is necessarily stored that way exclu~
sively (although some theorists think so}, but because it is exhibited




N

as verbal stataments (propositions). The distinction of verbal know~
ledge from “intellectual skill is an important cne. While obviously the
two types of capability may be asscciated in meémozy, the human perfor~
mances they make possible are quite different. TIn one case (intellec-~
tual skill) the individual can do scmathing. in the other, he can only
talk about it.

3. Cognitive strateqv. Human individuals possess capahilitxes
which enable them to exercise control over their cwn learning and
thinking processes, and by so deing, modify the ways in which these
processes function in any particular instance. This kind of capability
was given prominence as executive control processes in the theory of
Atkinson and Shiffrin (1968), and is a feature of virtually all
information-processing theories of learning and memory. As cognitive
strategy, it appears in the work of Bruner (e.qg., Bruner, Goodnow, and
Austin, 1956). Cognitive strategies are capabilities that may control
such processes as attention, the encoding and retrieval of learned
material, as well as ways of thinking (cf., Gagne, 1877).

The distinction between intellectual skill and cognitive strateqgy
as two different forms of human capability is of particular importance.
An intellectual skill enables the individual to perform mental opera-
tions that make direct and specific reference to aspects of his environe
ment. For example, constrzucting a set of four by comdining one with a
set of three is a relatively simple intellectual skill learned by young
children., The three “things" and the four "things" may be sticks,
marbles, pictured cbjects, or even numerals representing odiects; in
any case, the possession of the intellectual skill is inferred from
manipulations of things in the child's environment.

It is possible, however, to present the individual with a task
that requires him to construct, or teo choose, a way of solving a prob-
lem. This way is the cognitive strategy. For example, a matchstick
problem of the sort studied by Katona (1940) challenges the individual
to make a pattern of three squares rather than the four originally
displayed by moving only three matchsticks. Several different strate-
gies are possible. An effective strategy (for all puzzles of this sort)
is to move the matchsticks so that as many as possible will form squares
with four sides unshared, rather than three or two. It may be noted,
however, that the inference of human capability which is sought in this
case is not simply that the individual can construct squares with match-
sticks,. or that he can distinguish four sides from three or two. These,
of course, are intellectual skills which are assumed to be well learned.
Instead, the task is presented to the individual in a manner which will
reveal whether Qe can select and use a way of proceeding with this type
of problem, i.e., select and use a cognitive strategy. The latter capa-
bility is controlling the internal processes of thought, even though the
effects of this control are evidenced externally in the individual's
environment. Not surprisingly, these effects also involve the use of
previously learned intellectual skills; but this fact need not hinder
the detection of the cognitive strategy which is being employed in
solving the problem.
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4. Attitude. The capability called attitude is a learned state
that modulates the individual's choices of personal action toward scme
person, -thing, or event. Obviously, cone may acquire a positive atti-
tude toward problem solving in general, as well as toward particular kinds
kinds of problem tasks. At this goint, little more need be said about A
atumm . : ! A . ' ! “JA

5.. Motor skill. This kind of skill is listed here simply to com~
plete the set of five major varieties of human capabilities. Problem
solving may, of course, require the use af motor skills in the attain-
ment of a solution.

Why are these distinctions important to a discussion of problem

. solving? The reasen is that, among the welter of terms used by variocus.

writers on human thinking, potential confusicon is vastly reduced if the
reader understands whether the reference is to intellectual -skill, to
verbal information, or to cognitive strategy. (Confusion cver refer-

- ences to attitudes and motor skills is less likely, although not of

zero probability.) Distinctions among the three “cognitive™ kinds of
human capability are important in a conceptual sense for the foliowing
reasons: .

1. Each capability has a different theoretical function in
information processing. ‘

2. The overt human behavior (performance) made pessible by
each capability is different.

3. The conditions necessary for the learning of each type of
capability are different.

The third of these three reasons may be seen as fol;glxng from the
first two. It is of particular relevance to the questxcn of the
learnability of human competence in problem solving, as will de shown
later. :

Involvement of Three Capabilities in Thinking

The studies and theoretical writings previously mentioned show
clearly that intellectual skills, verbal information, and cognitive
strategies are invelved as human capabilities in the process of think~
ing {in the sense of problem scolving). Some of the main points are
mentioned in the following paragraphs.

Intellectual 8kills

The involvement of intellectual skills in the performance of both
concrete and formal operaticnal tasks suggested by the work of Piaget
has been shown many times. A number of studies, for example, have
demonstrated that the pricr learning of specific intellectual skills
exhibits positive transfer toc conservation tasks (Henry, 1978; Bucher
and Schneider, 1973; Sheppard, 1973; Gelman, 1969; Wallach, Wall, and
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‘Anderson, 1967}, as well as to other problem-sclving tasks (Sem, 1570,

1967; Lowery and Allen, 1968), Similar findings have dbeen cbtained
when the focus of interest is scientific reasoning, or formal opera~

. tions (Wollman and Lawson, 1878; Lawson and Wollman, 1976: Linn and

Thier, 1975; R;ng and Novak, 1971; Englemann, 1967).

Often, the cited studies have started oue to discover what condi-
tions may be employed to facilitate what is conceived (in Piaget's
terms) as a transition fram pre-operaticnal to concrete operational
thought, or from concrete operational thought to formal operations.

The usual £inding has been that the desired post-instructicnal per~
formance depends on the acquisition of prarequisite intellectual skills.
For example, children are shown to be able to conserve number by learn-
ing the number concepts involved in counting; adolescents are shown to
be able to use proporticnal reascning after learning rules of repre- :
senting ratics of rod-lengths in symbolic form. In almost all cases,
too, findings have shown that the generalizability of the capability

- thus learned is limited . to the intellectual skill being taught. In

general, the evidence shows that tasks of scientific reasoning can be
learned by acquisition of the specific-intellectual skills invoived in
them. When such learning occurs, transfer of learning is apparently
limited to 'similar tasks. Such evidence calls into question the idea
that a human ability as general as “formal reasoning“ is the masor
factor responsible for the cbserved differences in human performance,
in the manner suggested by Inhelder and Piaget (1958). In contrast,
however, the evidence that intellectual skills {concepts, rules) are
involved in tasks of scientific reasoning is substantial. It may be
noted that this emphasis on "content®” is seen by Johnson-Laird and
Wason (1977} as implied in the recent writings of Piaget (1977).

Intellectual skills have usually been accorded a prominent role
in problem sciving,“aqccrding to the various theoretical writings of
psychologists. Associationist views provided for little else (except
trial-and-error} than "responses," which can generally be interpreted
in modern terminology as concepts or rules. Gestalt psychologists
assumed the presence of "elements" to be reorganized, and in this
case, too, the elements were concepts and rules. The idea of the
“"schema" in problem solving implies an organized memory structure
which includes intellectual skills (cf., Greeno, 1976).

Information-processing views of problem solving emphasize intel-
lectual skills ‘as components of problem~sclving, as the work of Newell
and Simon (1972) and the writings of Greeno (1978) and Mayer (1977)
suggest. For example, solutions to analogy rroblems have been shown
to depend not only upon knowledge of words (one kind of verbal infore
mation)}, but also upon ability to use rules of English phonology
‘{Mayzner and Tresselt, 1966). Sclutions to cryptarithmetic problems
clearly depend upow'the possession of prerequisite skills of additien
of multi-place numbers, In any of the investigations of problem
solving belonging to this tradition, it would appear impossible to
£ind even one that indicates solution by any sort of "sheer reasoning"
alene. Intellectual skills, usually those learned prior to the presen-~
tation of the problem, are directly involved in the activity of preblem
solving.
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Verbal Information . o | ' | S

There appear to be no clearly identifiable studies of the influence -
of accessible verbal information on the performance and transfer of prob-
lems in scientific reasoning, such as those used by Inhelder and Piiget
(1858} . It is true that scome studies have investigated variations in o =
the verbal statements used to present the problem (this would de the: = o
. “task environment," as defined by Newell and Simon, 1872). The question =~
of human capability of interest here, however, is the extent to which =~
problem sclving is facilitated by the kind and amount of verbal infor- o
mation available in the individual's memory. For example, can the older :
student more readily conserve volume because he has available more face - oo
tual knowledge about liquids, about cylinders, about the pouring eof =
liquid, and sc on? 1Is the student who makes reasonable hypotheses about
the bending of rods helped in doing so by the organized verbal informa=-
tion he has stored about varieties of rods, varieties of metals, . -
varieties of shapes, and instances of bending? ' _
. . e
Although the examples may seem unusual, these are not idle quesw '
. tions. After all, the correlation of student performance on tasks
involving thinking or reasoning with their performance in using verkal -
information (e.g., a vocabulary test) is likely to be fully as high as' '
the correlation of thinking performance with age (cf., Yamamoto, 1564).
The learning of an increasing store of meaningful propositions is con~
sidered by Ausubel, Novak and Hanesian (1978, p. 238) to be of critical
Aimportance to intellectual development. The integral role of semantic
~networks in thinking is a part of most accounts of information pro-
: cessing (Greeno, 1976; Norman, Gentner, and Stevens, 1976).

Problem=~solving investigators of the information-processing view
frequently emphasize the role of “general knowledge" in successful
problem solution. The representation of the problem in problem space
fr tly can be shown to depend upon specific knewledge available to
the” individual. Verbal information is of course directly invelved in
word-anagram problems, since knowledge of words is inherently part of
the problem. Many other kinds of prcblems, however, appear to be aided
by verbal knowledge. For example, knowledge about the functions. of the
objects presented has been shown to affect performance in Maier's (1930}
problems of pendulum and hatrack (Saugstad and Raaheim, 1960; Saugstad,
1835). ‘ '

Besides verbal information's function in the initial understanding
of the problem (Simon and Haves, 1976), it is conceived to have a crite~
ical role in learning transfer in the form of "organized networks of
propositions.” The generalization of procblem solving abilities pre-
sumably occurs to the extent that the context of problem tasks contains
similar or identical cues. The context (task environment} in which one
problem is ‘solved contains a number of items of verbal information,
including even information about the environment of the problemesclver
which happened to obtaim on that occasion, Cues made availabie by the
retrieval from memory of this context of information presumably have
considerable influence on the application of problem~sclving strategies
and skills tc new problems occurring in new task environments.
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Cognitive Strategles

There would seem to be little doubt that cognitive gtrategies are
prominently invelved in human problem solving. Examples of these

. strategies are the “forms of logic* described by Piaget (1970) and by

Inhelder and Piaget (1958). A great many studies have indicated,
eithar directly or indirectly, that different kinds of "logic® strate~
gies are available to children at different age levels. Reviews of

“selected sets of these studies have been provided by Bryant (1874}, by

Case {1975), and by Levine and Linn (1977).

It is of some importance in conducting studies of scientific
reasoning, and in interpreting such studies, to maintain the distinc~

. tion between cognitive strategies and intellectual skills. As an

example, in the study conducted by Lawsen’ and Wollman (1976}, two

 kinds of instruction were given to the subjects during a training
'session involving the task of bending rods. The youngsters were asked

to classify the types of rods, and also to identify the factors affect-
ing bending. Clearly, these are prerequisite intellectual skills,
Proceeding from this point, the subiects made tests of rod bending
using various weights, and were then asked questions designed to e
suggest "keeping all factors the same.* Thus, this second function .
of instructions was to suggest {or to activate) a cognitive strategy.

. Acting together in training on a number of problem tasks, these factors

were shown to produce gains in scientific reasoning as indicated hy
performance on later tasks chosen to represent s;milar levels of formal
operational reascning. .

The role of cognitive strategies (identified by various names) is
abundantly evident in the various tasks studied by psychologists (Mayer,
1977) as well as in information-processing theory. Newell and Simon
(1972) refer to cognitive strategies as "methods,* and clearly conceive
them as being available to the problem solver from his memory store.
Means-end analysis is a particularly common and valuable strategy
employed in the sclution of many kinds of problems (Greenc, 1878).
Wickelgren (1974) describes a number of strategies useful in solving
problems of a2 mathematical sort, including "classifying acticn
sequences," "state evaluation and hill climbing,® "defining subgecals,®
"deriving contradictions," and others. St:ategies to be employed by
children in solving detective-story mysteries have been ident;fied by
Olton and Crutchfield (1969).

Perhaps the most important point tc be noted about cognitive

" strategies, in viewing the field of human problem solving as a whole,

is their great variety and abundance. As factors in the achievement

of problem solution, cognitive strategies range from extremely simple
methods like "break the problem intec parts" to relatively complex
strategies like "means~end analysis," or the identification of "macro-
actions" (Wickelgren, 1874}, Within the broad field of strategies, or
methods of attack, it would appear that the particular strategies
ipvolved in conservation tasks (e.g., ignoring perceptual similarities),
as well as in tasks requiring certain forms of logic, constitute only a
small set of the strategies that are potentially available to the
prcblem-sclvc:, whether child or adult,
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PROBLEM-SOLVING CAPABILITIES AND LEARNING

In the previcus section, I have been concerned to summarize and
interpret the evidence which indicates the involvement of three kinds
of capabilities in human thinking of the problenm=-solving variety: .
intellectual skills (concepts, rules), verbal information (“knowledge™),
and cognitive st:ategxes. It should now be possible to discuss the
quastinn of the learnability ef these forms of human capability.,

-Learnigg-:ntellectual Skills and Verbgl Information

Intellectual skills and verbal information are both clearly learn=
able. Together they constitute the largest part of the school :
curriculum in grades K~12. Emphasis is usually given to “"basic skills“ .
in the early grades, as children learn the concepts and rules of their
language and of arithmetic. When proficiency is attained in reading,
the learning of orxganized, meaningful verbal information is vastly
facilitated. Thus, although the acquisition of intellectual skills is
continued, the accumulation of stores of knowledge cames to be increas~

-ingly represented as a goal of schooling in the upper grades.

Not only is the learning of intellectual skills and verbal know-
ledge a highly apparent fact, it may also bDe said that a good deal is
known about how such capabilities are learned (Gagne, 1977}. The
conditions necessary for learning of these capabilities are fairly well
known, and these conditions can be employed with scme degree of preci-
sion in the design of instruction (Gagne and Briggs, 1874). The p:eblem-
solving abilities of school students need not be hampered by a lack of
acquired intellectual skills or verbal knowledge. If such turns out to
be the case, as is sometimes suggested, the cause is most likely to be
a failure to recognize that human prodlem solving requires prerequisite

‘skills and knowledge. Ability to solve problems cannct be learned in

some abstract, isoclated fashion. A similar statement applies to
creative thinking, which, as we have seen, differs from problem solving
only in degree along certain dimensions. Learning in both cases must
make use of content-relevant elements, which are zntellectual skills
and verbal informaticn. :

The Acquisition of Cognitive Strategies

In contrast tc the definitive knowledge available concerning infor~
mation and skills, systematic conceptions of how cognitive strategies
are acquired and used are much harder to come by. There are puzzling
aspects to cognitive strategies which have not vet yvielded to research
and thecry. On the one hand, particular cognitive strategies often
appear to be very simple mental operations, readily acquired. For
example, a simple instruction to children to "plan each step in terms
of its relation to the goal” can bring about a remarkable change in
problem~-solving performance (Pellegrino and Schadler, reperted in
Resnick and Giaser, 1976). On the other hand, the spontanesus employment
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of just the right strategy at just the right tim is vh.lt seems to .
represent th@¥erimary scurce of difficulty in problem solving, ¥
responsible or low success rates {cf., Blasi and Hoeffel, 1974;

Karplus and Peterson, 1978). .

) 7
Set in Problem Solving

The use of a particular strategy in problem-solving often appears
to be dependent upon the establishment of a set. As employed in
writings on prcblem-solving, a set is a mental state that may be
activated by some stimulus and that persists in “working memory® (Bower,
1975) dnrin; ‘the time the problem is being worked on (Newell, Shaw, and
Simon, 1962). 'The set may be initiated as a result of stimuli previded
by the problem solver himself, or by a stimulus provided in his exter-
nal enviromment. In the latter instance, it may be said that the set
is "suggested," or "activated," Ly instructions. The effect of the set
is to activate a cognitive strategy that persists during the time the -
processes of problem solving are being employed. For example, a set in
the working memory may be used by the problem solver to "keep in mind"
& strategy such as “define the subgecals."

Cognitive strategies of many types, pertaining to such processes
as attending, encoding, and retrieving, have been activated hy the
simple means of giving verbal instructions, which presumably have the
effect of activating relevant sets. A procedure of this sort has been
shown to be effective with young children, as well as with clder chil-
dren and adults (Gagne, 1977). Critical summaries of research in this

. field have been presented by Brown (1975) and by Flavell (1877). Secme

of the kinds of set~induced strategies whick may de relevant to problem
solving are discussed by Flavell {1976}.

In problem-solving studies, examples of the effects of sets induced
by instructions are many. The verbal hints given to Maier's (1930) sub-~
jects in “hatrack" and "pendulum® prcblems were said to supply “direc-
tion* and were capable of greatly increasing the probability of soclution.
In his study using matchstick prcoblems, Xatena (154C) found two differ-
ent sets to be effective, as activated by instructions either (a} to
open as many gaps as possible in the matchstick pattern, or (k) te
decrease the number of sticks serving as sides of squares. The various
strategies described by Wickelgren (1974) are obvivusly capable of
being established by verbal suggestion to the problem sclver, assuming
that he has previocusly acquired their meaning as strategies ("state=
evaluation," "identifying subgoals," etc.). As a generally applicable
strategy, Crovitz (1970) describes the use of lists of relations between
elements of the problem, as a means of discovering the crucial relation-~
ship which represents the solution., Simon (1975) describes a number of
quite different strategies that can be used to solve the Tower of Hanoi
problem, each of which might be activated by a set suggested by verbal
instruction.

It is not unreascnable to spéﬁﬁlate that “training™ in problem~
solving strategies may in some instances be simply a matter of
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eatablishing a set., That is to say, experimental conditions having the , P
intention of effective learning may instead enly activate a set, which

fails to persist after the particular problem is solved, In their

initial study of productive thinking, it is notable that Crutchfield

and Covington (1965) cbserved that some of the strategies invoived in -

solving detective mysteries appeared to be activated by brief exposure

to problems, rather than being acquired as learned capadjlities., The

problem solving of even young children has been shown to be markedly

affected by external suggestions, usually of a verbal sort (Bem, 1970,

1967; Huttenlocher and Strauss, 1968}, Mehler and Bever (1967) found

that an externally-induced set breught about conservation of number in .
2 high proportion of a group to children of age two and a half, A o
recent review by Gelman (1978) cites a number of studies indicating '

that brief verbal instructions can bring about successful selutians

of cognitive prchlems by young children.

The impression gained from the evidence regarding cognitive strate
egies in problem scolving runs scmewhat os follews. Specific problems,
besides calling upon the problem solver's knowledge and skills, typi~-
cally require one or more cognitive strategies for their soluticn.
Strategies may be relatively simple and concrete (like mental rehearsal)
or they may be quite complex and abstract (like seeking contradictions).,
" Assuming they are known to the precblem solver as procedures {("methods"),
strategies can often be put into effect by activating a set. This may
be done, and usually is, by the presentation of external verbal
instructions, Alternatively, the problem solver may provide the cues
from his own memery which activate thé set. As a state in working
memory, the set functions to maintain| the "direction of thought™ of the

roblem solver during the time he is dctively at work on problenm,
/That is to say, the set brings into play a cognitive stratagy which is
a method considered (by the problem splver) to be relevant tc the solu-
tion of the prcoblem. Should the metdod fail, another set-induced
stratgy may be adopted, until solution is achieved. Once the problem
is solved, 'the non-persistent nature of the set implies that it will
disappear from working memory.

The evidence from problem-sclving studies makes it seem most likely
that there are many, many different cognitive strategies. Those implied
by the "forms cf logic" would appear t¢ be only a small portion of the
total number, It is, of course, a key feature of Piaget's theocry (1$70)
that the particular strategies represented by these logical operaticns
constitute the fundamental elements of intellectual development. An
alternative view does not necessarily deny the significance of logical
operations as cognitive strategies in human thinking; rather, it looks
upon these particular strategies as a somewhat special but small group
among the many possible. Success in specific conservation tasks can be
improved, it seems likely, by direct instruction having the purpose of
activating a set~induced strategy relevant to the problem, Children
asked to conserve number, for example, may be instructed to count the
objects presented; those confronted with liquid-velume censervaticn
tasks may be instructed to ignore the heights of the particular liquid
containers employed. Similarly, success in specific problems of propor-
tional reasoning and controlling variables can most probably be induced
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by set-activating instructions relevant to the problems presented,

. Notadle in this connection is the prominence of verbal instructions.
such as those descriding a “fair test™ in the training employed in
fawson and Wollman's (1976} study which resulted in the finding of
“specific transfer® of procedures of controlling variadles in £ifthe
grade students. Commenting on studies of problem sclving in science
programs, Levine and Linn (1977) conclude that once children are ,
“alerted" to the ideas of controlling variables, they can apply these
.deas in & number of parti:ular situations,

The idea that prodlem sclving perfannance is markedly influenced
by set~induced strategies is subject to two important constraints,
First, it may be noted that the strategy activated by a set is specific,
not general. TFor a particular problem, adopting the method of werking
backwards may be the right strategy:; for another problem, identifiying
contradictions may be the relevant method. As an example, despite its
relation to more general Gestalt principles, “opening gaps® is a
strategy highly specific to particular matchstick problems. Thus,
conceiving of problem solving as eritically dependent upon relevant
cognitive strategies does not in itself answer the question of how to
improve students' rational powers, when these are defined in a general
sense. Particular strategies may readily de induced for particular
problems. There remains the problem of how such strategies can be
applied generally and in an adaptively selective fashion by the human
individual, faced with a great variety of problems during his lifetime,

A second limiting condition surely applies to the employment of
strategies in human problem solving. The procedure that constitutes
the strategy must itself be understood, in order for it to be acti-
vated by a set. If the verbal direction is "try counting," or “plan
- each move in terms of the f£inal geal," or “work backwards," or whatever,
it is clear that the problem solver must know the meaning of these
verbal statements. That is to say, he must be able to make application
of the component concepts and rules which make up the procedure of the
strategy. Sometimes, of course, these skills are very simple ones,
and can be assumed as having been previously learned. In the case of
children, however, the prereguisite skills and verbal informatiocn
involved in a particular strategy may have to be learned before one
can expect the latter toc be maintained by a set.

- CONTRASTING VIEWS OF HUMAN THINKING

An information-processing view of human thinking appears to me to
imply that certain kinds of human capabilities, stored in human memory,
are retrieved and brought to bear upon a problem as conceived by the
problem solver. These capabilities include intellectual skills, verbal
informmation, and cognitive strategies. The first and seccond of these
types are clearly learnable, and, as necessary conditions for thinking,
deserve the emphasis they receive in formal education. The third,
cognitive strategies, include Jearnable procedural components, but are
mest clearly contrelled by non-persistent mental states called sets.
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Activation of a set which maintains 'a particular strategy is readily s
accomplished, Typically, it is done by brief verbal instructions; or
it may be induced by the problem solver himself, from cues accessible
in his memory. It is possible that what often appears as the learning
of strategies is really the activation of sets. Research studies
should surely be designed te control the variable of set, when learning
is the fogus ©of interest.

The Ability View of Thinking

It would appear that a commonly accepted, but usually implicit,
view of human capabilities in thinking zuns scmewhat as follows, ,
Individuals learn certain verbal information, and-a good many intellec~ ‘
tual gkills, which enable them to perform many kinds ¢f tasks. Many of
these performances are "routines," having a "memorized™ character. They
can be described as "algorithms.™ .

Thinking, however, is a kind of activity which requires that the
individual bring to bear still ancther kind of dispesition, often called
an ability. In the ability-measurement tradition, “creative ability® is
a camplex that includes such component abilities as “divergent thinking,®
Yoriginality,” “"convergent_ productios,” "comprehending relations," and
many others (cf., Barron, 1968; Guilford, 1965; Guilford and Merrifield, .
1960). 1In the Piagetian tradition, concrete-operational and formale
operational reasoning may be conceived as two abilities which become
available to the individual at different ages.

However they may be described, it is these abilities which make
thinking possible, and which determine success attained by problen
solvers in tasks of scientific reasoning, problem solving, and creative
thinking. Usually, abilities are conceived as being maturationally
determined, although they require interacticen with environmental
factors for their proper development. Abilities, in this view, are
considered toc be very general in their applicability to a great variety
of problem~-solving tasks. Success in problem solving is viewed as result-
ing primarily from the application of relevant abilities (originality,
divergent thinking, formal ecperational reasoning) to a problem situation,
regardless of its specific features. Thus, among those who employ this
_conception, there is agreement concerning the generalizability of thinke
ing abilities, although there may be differences in views about their
learnability.

An Alternative View of Thinking

it appears to me that the information-processing view of cognition
makes possible, and indeed favors, a conception of human thinking whicgh
is at variance with the “ability"” view just described. It utilizes a
set of ideas that I consider worthy of further attention in pursuit of
research on haman problem solving, and indeed in their suggestion of a
model which is relevant to educational practice.
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Such a conception begins by addrassing the question of what kinds
of human capabilities are not learnable. These are usually called
capacities. Sensory and motor capacities (like visual acuity and
strength of grip} come to mind as exawples of human functions that are
not influenced by learning, Cognitive capagities, presumably, are such
things as speed of concept rec tion, capacity {(size} of short-term
zemcry, speed of code translation, nuiSa{E¢£ entities differentiable in
meamory, and others of this sort (cf., Hunt, 1976j. Some hasic set must
surely de identifiable of human capacities, the linits of which are not
subiect to change through learning.

[}

Abilities as measured by typical ability tests, however, are a

mixed bag. Scometimes they do partake of innately determined capacities,
- but they rarely attempt to measure them directly. Most often, ability

tests are mixtures of human performances that are partly intellectual
skills and partly verbal information, In addition, cognitive strate-
gies are prominently involved, as shown by the fact that scores on”
almost any ability test can be improved by giving the examinees pre-
instructions that describe a specific strategy of “how to do it.*

There is, therefore, no mystery as to why ability tests exhibit moderate
degrees of correlation with problem=solving behavior. They-correiate to
the extent that the tasks involve the same information, the same or
closely similar 1ntellectual skills, and scmetimes the same cognitive
strategies.

Learning to be a good thinker, in my view, means first learning
the prerequisites, which are intellectual skills and verbal informa-
tion. Intellectual skills are.essential prerequisites because they are

actually involved in the "production" of the problem solution., To solve

a problem of proving a theorem about the length of the hypotenuse of a
right triangle, one must already have the skills of constructing: right
triangles, identifying their parts, and understanding squares. To solve
matchstick problems, cone must know the prerequisite intellectual skills
of identifying spatial "gaps," or of selecting “double function” match-
sticks.

Verbal information is also a valuable and learnable prerecuisite
to human thinking, but for reasons that are somewhat different. The
knowledge available to the problem solver makes it possible for him to
"define the prcblem," or, as Newell and Simon (1972) put it, to “repre=
sent the problem space." Additionally, the store of knowledge availakle
to the individual may be seen to be an important determiner of -transfer
of learning. How readily does the problem solver transfer his knowledge
to new situations? This generalizability may be determined, not by
what "ability stage" he has reached, but rather by the kind and amount
of organized verbal knowledge in his memory. It is conceivable that
transfer occurs because the new situation, with its problem, can be
related to a complex of knowledge by way of identical elements, class
inclusion, analogies, and related means.

The learnable factors in human thinking described thus far may be

specific. They may be as specific as the rules of syntax and mathe-
matics; and as specific as the knowledge about particular objects and
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events in the world may be. The third kind of human capability invelved

in human thinking enters into the process, I believe, in an equally M

specific way. There must be a great many Xinds of cognitive strategies,
each of which may determine a “"method™ to be used by the problen solver.
Cognitive strategies are not general in their nature (as in "originale
' ity"), but specific (as in "make a note of the cutcome of each step
before procesding to the next®), Furthermore, as contributors to the
solution of specific problems, they are readily established as sets,
either by the presentaticn of simple instructions or by selfeinitiation
of the problem solver. This means that in studies that purport to
"train" them, cognitive strategies are not usually learned, in the
typical meaning of that word. They are simply activated, (Some of the
intellectual skills that make up their procedures may de learned, but
this point has already bdeen made:)

What kind of education does it take, then, to became a productive
thinker, a successful prebhlem solver? A part of the answer is, it takes
learning of stores of knowledge about the world (verbal information) and
the understanding and mastery of intellectual skills (“knowing how" to
represent the world and manipulate it symbmlically). As for cognitive

-strategies, simply acquiring and storing a set of these is not suffi-
cient to assure better thinking on new, previously unencountered preblems.
The individual must not only have acquired a variety of strategies, he
must also be able to select the particular ones that match his particular
problems. Inscofar as this adaptive capability is’ learnable, it must be
based upon a variety of experience in prcblem solving. The key word
here is experience, which of course increases with age., For those who
continue to be active learners (and not simply attendees} during school
years, experience in continuing to meet and solve problems of a variety
of sorts will leave a residue of accessible strategies, and alsc an
adaptability which favors the use of the right strategy for the right
problem.

The kind of educational practice implied by this analysis bears a
resemblance to that advocated by Bruner (1960, 1571), Kestin (1970},

" Ausubel {1968), and many others. Procedures of instruction aimed at
encouraging the development of good thinking will provide freguent
opportunities for practice in the display of ingenuity, inventiveness,
and creative enterprise. They will deo this, however, within an

= instructional framework of skills and knowledge that provide the
essential prerequisites for human thinking, the content of the thought
itself, and also the semantic context that makes possible the general-
izing of problem~solving capabilities,

.
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TEACKING FOR THINKING AND CREATIVITY:
A PIAGETIAN POINT OF VIEW®

-

Constance Xamii .
anva:sity of Illincis at Chicago Circle - .
and University of Geneva

I -

INTRODUCTION

Do I view the Educational Pelicies Commission's *10 rational
powers' as "fundamentally important aspects of intellectual function-
~ ing"? Although these are important aspects of intellectual functioning
in adults, I do not believe that they are the most fundamental processes
to identify when consxderxng thinkxng and creativity in science educa-
tion. . ¢ R

I cannot go along with the "10 rational powers* as fundamental
for two reasons. The first is that thinking cannot be divorced £rom
knewledge, and knowledge involves the mind as a whole. Teo be of any
value to educators, "fundamentally important aspects of intellectual
functioning®™ must be conceptualized-as a coherent whole, The five
pairs of processes (“recalling and imagining," "classifying and -
generalizing," “"comparing and evaluating,” "ahalyzing and synthesizing,"
and “deducing and inferring") are juxtaposed aspects of thinking, and
~ their interrelationships must be shown in relation to knowledge,

The second reason is that the "10 rational powers" reflect a lack
"of awareness that children think very differently from adults, and that
in childhood they develop processes that are more fundamental than the
“10 rational powers." I would like to take *recalling,”™ the first item
of the list, as an example to show what I mean. According to Piaget,
ability to "read" what is cbservable in external reality depends on oper-
ations, which will be discussed shortly, and the totality of knowledge
that one brings to a situation. When observable facts are beyond the
child's comprzhension, he reads them at his level by assimilating them
into everything he knows, thereby deforming them considerably. Since
recall is memory of what we read from reality, the accuracy of our
memory is greatly influenced by what we apprehended in the first place.

Here is an example from the many empirical studies reported in
Piaget and Inhelder (1968}, a volume on the relationship between memory
and the development of operations. In this study, Voyat presented the
child with two U-shaped. glass tubes filled with colored water as shown

*This chapter was wﬁétten with the support of the Urban Educaricn
Research Program, College of Education, University of Illinocis at
Chicago Circle. I am grateful to Eleanor Duckworth for her assistance
in conceptualizing this chapter and to F, David Boulanger, Neal Gordon,
and Maureen Ellis for critically reading an earlier version and offer-
ing many valuable ideas.
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in Figqure 1. (The tubes were glued onto cardboard and presented
vertically to the child.) He first told the child that he would
show him something briefly and then ask for a description and a
drawing of it from memory. After showing the tubes to the child
for 45 seconds, Voyat asked"for a description and a drawing, The
five levels found among ‘the drawings of 60 children between the .
ages of 4 and 15 are shown in Figure 2. The first level is chare
acterized by the absence of differentiation between the container
and the liquid contained. IA and IB show only the container, while
IC shows conly the liquid, At level II, there is differentiation
between the container and content, but the four levels of liquid
are all the same. At level III, on the other hand, both tubes have
‘unequal levels. Level IV is characterized by a clear differentia~
tion DPetween the two tubes;, but there are variocus errors such as
the absence of the stopper in IVC. Level V, finally, corresponds

accurately to the objects in external reality that all the children
. had looked at, : A

« In Table 1, we can see a relationship between children's. ages

and the precision and accuracy of their drawings. Four~ and five-
year-~olds are mainly at level I, whereas older children are at

~ levels IV and V. The skeptic may argue that these levels do not

indicate the accuracy of children's observaticn but their ability

to draw, which improves with age, but multiple choice ameong 12

drawings gave the same results. Although recognition is usually

easier than recall, it did not change the children’s levels in this
particular task, -

Table 1

Relationship between Agé and Level of Immediate Recall

Level
I II Iz IV \Y

Age . .

4~5 12  (54%) € (27%) 2 (9%) 2 ( 9%) 0 { Ow%)

-7 & (22%) 4 (22%) I (5%} 8 (44%) 1 ( S5%)

8-15 0 ( O%) 1 { 5%) 1 (5%) 9 (45%) S (45%)
Total 16 (26%)‘ 11 (18%) 4 (o%) 18  (31%) 10 (1é%)
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I hope the reader will be able to see after reading the section
on operations which appears later in this chapter that it is opera-
tions that enable children to read from reality that the tube to the
left has equal levels and no stopper, while the tube to the right has -
unequal levels, a stopper, and the same amount of liquid as the other

tube. o . :

Piaget speaks of each one of the *10 rational powers® dut in a
vastly different way. His conceptualization of these processes is
much more adequate than the juxtaposed list of the Bducational Policies
Commission., The following discussion will Degin with the epistemclogi~
cal background of Piaget's theory (a) to show the relatiocnship between
the "rational powers™ and knowledge and (b} to take Piaget's theory as.
an example of how a scientific theory evolved in trying to explain where
knowledge comes from. Scientific theories evolve bv constantly reinter~
preting old empirical "facts® (i.e., knowledge in this particular
example). (Although Piaget's thecry is a biclogical theory of know- -
ledge, the biological part is omitted froem this chapter because of

limitation in space. The reader is referred to Piaget (1967) for further

details.) The chapter will then focus on constructivism, with an empha-
sis on operations and the evolution of science. After this theoretical

discussion, the paper will conclude with scme principles of teaching that
- can be derived from Piaget's theozy.

Before turning tc epistemology, however, I would like to point out
that scientific thinking is not limited to rational thought. It also
involves passion, intuition, intellectual leaps, conviction, confidence,
and ability to exchange views with others as well as the courage to have
ideas that are different from other people's. Without some irreverence
for authority and tradition, and without the drive to prove or disprove
a theory, or to attain a difficult goal, there would be nc science or
engineering, and not much thinking or creativity. A psychological theory
of thinking and creativity in science educaticn must, therefore, not be
limited tc cognition. However, as I am not even sure what creativity is,
this chapter will deal mostly with thinking.

EMPIRICISM, RATIONALISM, AND PIAGET'S THEORY

~ Piaget is often believed to be a developmental psychologist, but
psychology is only a small part of his work. He is actually an episte-
mologist, and studied the development of thought in children because he
was convinced that this was the best scientific method of answering old
epistemological questions such as "How do we acquire knocwledge?" and
"How can we be sure that what we think we know is true?"

Since these fundamental questions of knowledge are involved in
scientific knowledge and science education, philoscophers' answers to
these questions will be reviewed briefly. Philosophers have debated
for centuries about how human beings attain truth, or knowledge. Two
main currents--the empiricist and rationalist currents--developed in
answer to this guestion.
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Empiricists (such as locke, Berkeley, and Hume) arqued in essence
that knowledge has its scurce cutside the individual, and that it is
internalized through the senses. They further arqued that the indi-
vidual at birth is like a clean slate on which experiences are “written”
as he grows up. As Locke expressed in 1690,

The senses at first let in particular ideas, and furnish the
yet empty cabinet, and the mind by degrees growing familiar
with some of them, they are lodged in the memory ... (1947,
p. 22}.

Rationalists such as Descartes, Spinoza, and Xant did not deny -the
importance of sensory experience, but they insisted that reason is more
powerful than sensory experience Decause it enables us to know with
certainty many truths which sensory cbservation can never ascertain.
For example, we know that every event has a cause, in spite of the fact
that we obviously can not examine every event in the entire past and
future of the universe. Rationalists also pointed out that since our
senses often daceive us in perceptual illusions, sensory experience
cannot be trusted to give us reliable knowledge. The rigor, precision,
and certainty of mathematics, a purely deductive system, remains the
rationalist's prime example in support of the power of reasen. When
they had to explain the origin of this power of reason, rationalists
ended up saying that certain knowledge or concepts are innate and that .
they unfold as a function of maturation.

Piaget's theory was born out of his cbjection both to empiricism
and to rationalism, and it is a synthesis of the two as shown in Figure
3. One way to clarify this syn>hesis is by comparing it (the outer
oval) with the cverlap between iLae two cizrcles inside that represent
empiricism and rationalism. The overlap refers to the fact that empiri-
cists recognized the importance of reason, and rationalists recognized
the importance of sensory input. The disagreement emerged when people
had to decide on the relative importance of cbservation and reason to
attain truth. Pilaget's theory is different from this overlap in that
it states that cobservation and reason are not just important in such a
juxtaposed way, but that the two are mutually dependent, as one cannot
take place withcut the other.

Even to recognize a yellow wooden object as a pencil, for example,
we must have a classificatory scheme that enables us to think of the
vellow wooden object as being different in scme important way from other
kinds of objects we know. (This statement is different from saying. that
tc recognize a pencil as a pencil, we must have the "concept" of a pen-
cil. The latter states that the pencil in extemrmal reality must corres-
pond to a “concept” in our head. Piaget states that the positive
"concept" can exist only in relation to the negative elements, namely
"everything else.") 1If we did not put the pencil into relationship with
our previous knowledge, the pencil would remain isolated in our mind and
unrelated to everything else. To recognize the yellowness of the pencil,
too, we must have a classificatory framework that enables us to distin-
quish "yellow" from other colors. It is thus only by putting things
into relationships that we can "read" empirical facts from reality. ~
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Piaget’s theory

Figure 3
Piaget’s Theory in Relation to
Empiricism and Rationalism
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It will be shown later in this chapter that, conversely, reason could
not develop without sensory information either because, without odjects
to put into relationships, the logico-~mathematical framework could not
develop.

Piaget thus felt that the empiricist view of the sensory nature of
knowledge was inadequate. He also could not agree with the rationalist
belief in the innate origin of reasen. The originality of his work was
that (a) he decided that epistemological questions had to be answered
scientifically rather than by philescphical speculation; (b} he was
convinced that the best scientific method of answering these questions
was by studying the develcpment of knowledge in children; (c) he formu- .
lated constructivism as a hypothesis; and (d) he invented ingenious .
methods of collecting data. These are all examples of creativity in '
science. \

\ .

Psychologists and educators speak of teaching and leamning without
asking basic epistemological questions such as "Where does knowladge
come from?" and "How does the child build it?" In the next section, I
will discuss Piaget's answer to the first question. The second question
will be addressed in the section that follows entitled "Coastructivism."

PHYSICAL, LOGLCO-MATHEMATICAL, AND SOCIAL KNOWLEDGE

In Piaget's theory, there are three types of knowledge~-physicail,
logico-mathematical, and social (conventional) knowledge-~that can de
distinguished according to their ultimate sources and mode of struc~
turing. It is important to keep in mind, however, that this trichotomy
is only a thecretical distincticn. In the psychological reality of the
child, according to Piaget, the three types of knowledge exist together,
indissociadbly, except in pure math and logic.

Let us first focus on physical and logico-mathematical knowledge.
Physical knowledge is knowledge of objects that are “out there® and
cbservable in external reality. Xnowing the fact that a ball bounces
when it is dropped on the floor, while a glass usually breaks, is an
‘example of physical knowledge. The weight and color of an object are
also examples of physical knowledge. The source of physical knowledge
is thus mainly in the object, i.e., in the way the ohject provides the
subject with opportunities for cbservation.

logico-mathemat:ical knowledge, on the other hand, consists of
relationships which the subject creates and introduces among objects.
An example of a relationship is the difference between a blue block and
a yellow one. The relationship "different" exists neither in the blue
block nor in the yellow one, nor anywhere else in external reality.
It exists only in the head of the person who puts the cbkbjects into this
relationship, and if the person coculd not create this relationship, the
difference would not exist for him. The person can also put the two
blocks into the relationship "same" (because the blocks are both blocks) .
The samenéss here again exists neither in one block nor in the other,
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but in the Read of the person who considers the objects as being the
same. He can alsqQ put the blocks into the relationship “twe * which
does not, exist in the cbjects, .

' The child's answer to the famous class-inclusion task shows the
extent to which he can coordihate relationships of sameness and differ-
ence that he creates and introduces -among the cbjects. In this task,
the child is given six blue blocks and two yellew ones, for example,
and is first asked, "What do we call these?" so that the examiner can
proceed with whatever word came from the child's vocabulary. If the
child says, "Blocks," he is asked to show all the blocks. The examiner
then asks the child to show “all the blue blocks® and “all the yvellow
blocks." Only after thus ascertaining the child's understanding of
these words does the adult ask the following plass-incluszan qnest;cn*

_Are there more blue blocks or mcre biocks?“

Four-year~olds typically answer, "More blue cones." The examiner

' thereupon asks, "Than what?" The four-vear-old’s typical answer is

“Than yellow cnes." In other words, the question the examiner asks is
“Are there more blue blocks or more dlecks?” dut the one young children
*hear® is "Are there more blue dlocks or vellow ones?® Young children
hear a question that is different from the one the adult asked because
once they mentally cut the whole into two parts, the only thing they
can think about is the two parts. For them, at that mament, the whole
no longer exists. They can think about the whole, but not when they
are thinking about ‘the parts. In order to compare the whole with a
part, the child has to do two opposite mental actions at the same time
--cut the whole into two parts and put the parts back together into a
whole. This is precisely what four-year-olds cannot do.

By eight yecrs of age, most children's thought becomes mobile enocugh
to be veversible. Reversibility refers to the ability to mentally do
opposite actions simultaneously--in this case, separating the whole intc
two parts and reuniting the parts into a whole. In physical, material
action, it is not possible to do two opposite things simultaneously.

In our heads, however, this is possible to do when thought has become
mcbile enough to be reversible. It is only when the parts can be
revvwited in the mind that it is possible to "see" that there are more
blocks than blue cnes.

Social (conventional) knowledge, the third type, was implicitly but
unmistakably delineated by Piaget (1932) without being designated by a
name. Examples of social knowledge are the knowledge that there is no
school on Saturdays and Sundays, that December 25 is Christmas Day, that
a block is called "block," and that one sometimes shakes hands with
another person. These truths have their ultimate source in the conven-
tions worked out by people.

Social and physical kncocwledge are similar in that they are both
knowledge of content and have their sources mainly in external reality.
I say "mainly" because the two are constructed not directliy from
external reality but from within through a logico-mathematical framework
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in interaction with the enviroament. Without a logico-mathematical
framework, the child would not be able to understand any convention
just as he would not be able to recognize a yellow wooden cbiect as a
pencil. For example, to understand that certain words are considered
“bad," the child has to distinguish between “bad words" and “words

‘that are O.K.* To understand that there is no school on Saturdays

and Sundays, to cite another example, the child has to structure

events into “days,"” dichotomize the days into “"schoocl days® and *days
when there is no school,” and coorxdinate this dichotomy with the cyclic
order of seven different days,

The reader may have noticed that physical and social knowledge is
mainly empirical knowledge., Logico-mathematical knowledge represents
the rationalist tradition.

-

CONSTRUCTIIVISM

From the first day of life, the child comstructs his knowledge in
an organized way with two frameworks—-a logico~arithmetical framework
and & spatio-temporal one. I will discuss in this section the child’'s
construction of these frameworks to show the coherence of knowledge as
a whole and its relationship to “operations," scientific concepts, and
theories on the one hand, and to the "10 rational powers" on the other.
The section will conclude with a discussion of how operations develop
so that principles of teaching based on the child's natural development

‘can be conceptualized,

The logico—-Arithmetical and Spatio-~-Temporal Frameworks

The logico-arithmetical framework has already been alluded to when
I discussed the necessity of a classificatory scheme to reccgnize a
vellow wooden object as a vellow péncil, and a school day as a school
day. The term “logico-arithmetical" is used here rather than "logico-
mathematical” because mathematics includes geometry, which belongs to
the spatio-temporal realm. The logico-arithmetical framework is thus
part of logico-mathematical knowledge and is independent of the spatial
and temporal organization of objects and events. For example, there
are more blocks than blue ones in the world, and more animals than cows,
regardless of how these are arranged spatially on various continents of
the globe. Time is likewise irrelevant to legic and, in fact, it inter-
ferds with logic. In the class-inclusion task, for example, it is when
the child can think simultaneously of the large group and subgroups that .
he can give a logical answer. As long as he can think only successively
of the parts and the whole, he continues to give the preoperational,;
preleogical answer. Aas long as he can think of the following five rela-
tionships only successively, the child can likewise not seriate ten
sticks logically by coordinating all the relationships into one
coherent system (i.e., A<BCCKDKEKFKGCKHLKI:C«F, BKI, E<CH,
D«J, and A<CG). In adolescence and adulthoed, the person who cannot
think of many hypotheses simultaneously cannot test one after another
systematically. Ability to think about many things simultanecusly can
thus be said to bhe essential for well coordinated, rational thinking.
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Having argued that the logico-arithmetical framework is independent
of space and time, I would now like to state that all ocbjects and events
exist in space and time. To know odjects and events. therefore, we need
not only a logico-arithmetical framework dut alsc a spatial framework and
a temporal cne. Without a spatio~temporal framewerk, the regularity of ,
events could not de read from reality and causality could never be undere
stood. (Without a spatic—temporal £ramework, there would be no history
or geography either.)

Cne of the unique contributions Piaget has made to epistemology is
that he showed scientifically, by systematically collecting data, that
these frameworks are neither innately in the child nor transmitted from
the environment, but that each individual constructs themin interaction
with the environment. Evidence of the constructiorn of the logico- .
arithmetical framework cande found in The Early Growth of logic in the Child
(Inhelder and Piaget, 1958), The Growth of Logic from Childhecod to Adoles- -
cence (Inhelder and Piaget, 13955), and The Child's Conception of Number
(Piaget and Szeminska, 1941). The construction of the spatial framework
can be seen in The Child's Conception of Space (Piaget and Inhelder, 1948),
The Child's Conception of Geometry (Piaget, Inhelder, and Szeminska, 1843),
and Mental Imagery in the Child (Piaget and Inhelder, 1866). In The
Child's Conception of Time, Piaget (1946) shawed that the temporal frame-
work, too, is constructed by each child.

A Y

Let us' look at how four-year-olds handle temporal relationships
before constructing a coherent, deductive system of time. Piaget asked
a typical four-year-old, “Who will be the older of you two when you grow -
up, you or your baby sister?" The answer was "I don't know." The rest
of the conversation went as follows:

Is your granny older than your mother? No. Are they the same
age? I think so. Isn't she older than your mother? Oh no.
Does your Granny grow older every yvear? She stays the same.
And your mother? She stays the same as well. And you? No, I
get older. And your little sister? vYes! (Piaget, 1946, p. 221.)

We can see in the above conversation that without a coherent system of
time, the chiid is limited to empirical knowledge and cannot deduce that
the difference in age between her sister and her will always remain the
same. Neither can she deduce that her grandmother is clder than her
mother, and that the two get older just as children andé babies do. These
are examples of the differences between Piaget's view and the Educational
Policies Commission's rational powers of "comparing,” "deducing," and
"inferring." Piaget's way of tainking about these processes is always

in relation to knowledge as a whole. In addition, the processes are
placed in the context of a scientific theory of development.

Space, too, is a framework constructed by the child., Let us lock
at a task that shows how the child's behavior changes as he constructs
a cocherent system of space. In this task (Piaget, Inhelder, and Szemin-
ska, 1948, Chapter 7), the child was given twoc white sheets of paper,
one with & dot as shown in Figure 4(a). He was also givena variety of
instruments such asa pencil, ruler, stick, strips of paper, and bits of
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string, and was asked to make a point on the blank sheet so that it
would locok exactly like the other sheet. Four~year~clds (level 1)
drew the point by visual inspection of the position without measuring
anything. At level II, children began toc use the ruler but made cnly
ene diagonal. measurement, usvally from the closest corner as shown in
 Figure 4(b)! At level IIIB, around agé nine, they finally became able
to draw the point at the exact spot by making two measurements as can
be seen in Figure 4(c). This behavior is & manifestation of the fact
that the child has constructed a system of cocordinates and knows that
this system is necessary tc locate the point on the second sheet,
These examples illustrate how Piaget views the use of the rational
powers of "comparing,” “analyzing," and *evaluating."

" Reflective Abstraction

‘ The logico~-arithmetical and spatio~-temporal frameworks are created
by the child by reflective abstraction (and equilibration). Piaget
makes an important distinction between reflective. and empirical (or
simple) abstraction., 1In empirical abstraction, the child focuses on

a certain physical property of the object and ignores the others. For
example, when he abstracts the color of an object, he simply ignores
the cother properties such as weight and the material ‘with which it is
made. Reflective abstraction, in contrast, involves the creation of
relationships between/among objects. Relationships, as stated earlier,
do not have an existence in external reality. The term canstructive
abstraction might thus be better than reflective abstraction in that
this term indicates that the abstraction is a veritable construction

by the mind. Reflective abstraction is necessary for empirical abstrac-,

tion to take place and, conversely, empirical abstrartion is necessary
for reflective abstraction to take place. For example, relationships
are necessary to read the color of an object in external reality, and
relationships could not be created without cbjects tc put into relaticn—
ships.

The simplest relationship is between two objects, and the child
constructs logical relationships by coordinating the simple, small
relationships that he created before. 1In classification, as we saw
in the class~inclusion task, he coordinates the sameriess and differences
that he originally created between two objects. By reflective abstrac-

tion, he can go on to create hierarchical classes with many levels (e.g.,

"poodles,"” "dogs," "animals," and "living things"). The child can go on
building relationships on relationships almost indefinitely., This is
what is involved in higher mathematics.

The spatial framework, too, is constructed by reflective abstrac-
tion (and equilibraticn), beginning with such small relationships as
that between the thumb and the mouth. The smaller, simpler relation-
ships are then coordinated into larger, better structured ones, and the
 baby soon becomes able toc deduce that he can go behind the sofa to .
retrieve the ball that disappeared by rolling from the front, Columbus,
too, did not discover America by accident. He constructed a system cf
space and deduced that he should be able to go around the jlobe in the
direction opposite to the one already known empirically.
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When yonng ehildm iﬁh
SYar g.0f not having a

not only a problem of:1
framework of tims. ' in a classroom
of four- and fivn«yeixheiﬁxu, S hirt ¢hart further shows
the incensistent criteris ﬂmy une hl!’or: m&nctiag a deductive
framework of -time, The ¢hildran-tald me that Child A had a birthday
on the third of that month and Child B had ene on the tenth. When I
asked which’'child was the older, they replied, "Nobody, ‘cause they
are both four.* I then aakn& who the oldest of the whole class was,
and everybody agreed that it was Child X. When T asked whe the next
oldest was, they replied that it was Child Y. To the next question,
*Who is the older, X or ¥2r-I got the answer- "Nebody, ‘cause they
are both the hxggest. ‘

By the time children are seven or eight, small, elementary rela=-
tzonships beccme coordinated into a number of coherent, closed struc-
tures. Among these are the hierarchical structure of classificatien,
seriation, and number in the lcgico-arithmetzcal domain and systems of
space and time in the spatio-temporal domain. Piaget speaks about’

mental activity within such systems by referring to Yoperations."

Cperations

Piaget defines operations ag actions whicli have become internélized,
reversible, and coordinated into coherent strugtures. Wwhen Piaget speaks

‘of actions in this context, he means both mental and physical actions,

without a line of demarcation between the two. For example, when & child
puts all the blue blocks together and all the yellew blocks together, his
action is both mental and physical. He physically moves the blocks, but
his action is guided by the relationships of “same" and "different" that_
he created. When the child can class-include, his physical actions can
be said to be internalized because he can mentally create the larger class
and subclasses without separating or reuniting the obijects physically.
These mental actions (operations) can also De said to be reversible and
coordinated into a coherent, hierarchical structure. At the precpera-~
tional level, by contrast, the physical actions may be internalized but
they are neither reversible nor coordinated intc a ccherent structure.

Seriation involves the coordination of differences, or the o ering
of“things according to their differences, 1In seriation, reversibility
takes the form of being able to think of B, for example, as being/simul-
taneously bigger than A and smaller than C. By the time children are
seven or eight, they become able to mentally coordinate relationships -
such as C<F, B<I, ECH, D<J, and A< G into one coherent structure,
namely A<B<KCKD . . .<J.

In numerical reasoning, physical actions can be said to be internal-
ized when, for example, the child does not have to put two sets together
tothink of an addition. These mental actions can be said to be reversi-
ble when the child knows that adding a number and subtracting it gives
the same result as not adding anything at all. Since the coherence of
arithmetic is well known, it will not be discussed here.
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* Spatial and temporal operations, too, consist of mental actions .
which have become reversible and coordinated intc coherent structures.. ‘
(For examples, see Piaget, Inhelder, and Szeminska, 1948.) When childw~
rén have constructed these structures, they are said to have "opera~
tionai” (or "operatory") systems of space and time.

Operations and Concepts - LT S

Operations are important in Piaget's theory not only in themselves
but also as cognitive-instruments for the structuring of knowledge of
content. One example each of physical and social knowledge Before the
achievement of class inclusion are given below. They illustrate how
Piaget's conception of “classifying" and "generalizing" clarifies. the
“10 raticnal powers" view.

The first example concerns why a- wooéen ball floats.while a key
and nail sink in water, S L . &

L '

DUF (7:6): "That ball?"--"It stays an‘top. It's woed; it's
light."=="And this key?"-~Goes down. It'siron; it's heawy . o=
“Which is heavier, the key or the ball?"-- ”The ball, =-~"Why
does the key sink?"--Because it is heawy."-- "And then the = =
nail?"--“rt's light but it sinks amyway. It's irom, and iron ~ Y
always goes under."” (Inhelder and Piaget, 1955. p. 29 } i

This child's thinking is full of contradictions. When his thmking Bih
becomes better structured, he will becem2 aware of the contradictions '
and will begin to eliminate them. By thus eliminating evezry factor
except the weight and size of the objects and putting them into rela-
tionship as shown in Figure 5, he will realize that, although the 1arger
the object, the heavier it ‘tends to be (the X's in this figure), somé.
small objects are heavy and some large ones are light. With this reali-
- zation, he is on his way to constructing the concept of specific gravity.
Specific gravity is not observable and must be constructed by the child.
wWithout the cperations of class inclusion and seriation, as well as
others, the child cannct possibly construct this concept.

Let us rnow take children's noticns of a country, a town, and
nationality as an example of +the dependence of sccial knowledge on
class inclusion. A spatial part-whole relatiomrship is also involved
in this example. Piaget (1951) found that until seven or eight years
of age, children may assert that Geneva is part of Switzerland but
think of the two as situated side by side as can be seen in the foliow-
ing interview:

Claude M, 6;9: What is Switzerland? It's a country. And
Geneva? A town. Where is Geneva? In Switzerland (The child
draws the two circles side by side but the circle for Geneva
is smaller.) 1I'm drawing the circle for Geneva smaller
because Geneva is smaller. Switzerland is very big. Quite
right, but where is Geneva? In Switzerland. Are you Swiss?
Yes. And are you Genevese? Oh no! I'm Swiss now (p. 40).
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The child knaws'the words "country,® “town,“ andf”in Switzerland,” but
below this surface is poerly structured social knowledge.

Concepts such as "specific gravity®” and “country® are constructed
by creating relationships in interaction with sensory input. In educa-
tion, there is a strong tradition of assuming (a) that concepts are.
words and (b} that concepts can be transmitted socially through words.
it is true that the concepts of specific gravity and nation were both
created by man. There is, however,- a fundamental difference batween
physical knowledge and scocial (conventional) knowledge. In physical
knowledge, concepts such as "specific gravity” and “acceleration™ are
created by logico-mathematizing the material world, i,e,, by transform~
ing cbservable facts into cohezrent relationships. Specific gravity,
therefore, cannot be changed simply by taking a vote,  Nations, how- .
ever, can be created or changed by agreement among people.

Conventions can be learned by social transmission. In fact, this
is the only way children can find out about conventions. The physical
knowledge and logico-mathematical bases of concepts in physical science,
. on the other hand, cannot be transmitted in a ready-made form. Eackh
student must reconstruct them for himself; and the teacher's task in
education is to provide students with opportunities that stimulate the
. constructive process. Words can help when the student is already at a
high level of development. Too often, however, words are taught in ways
' that by-pass the students' thinking and encourage verbalism, The reader
is referred to Kamii and Derman (1971) for a detailed account of what
happens to children's logic when bits of adult knowledge about specific -
gravity are zmpased on szx-yea:-elds through the teaching of words.

Operations and Science

Operations are necessary not only to construct concepts but also
to construct laws and -theories. For example, the regqularity of the
sun's rising every morning and setting every evening could not be read
from external reality without logico-arithmetical and spatic-temporal
operations. Without operations, it would not even be possible to intro-~
duce a reference peint in time to decide what constitutes a day.
Operations are also necessary to read certain cyclic variations between
the lengthening of the day and the shortening of the night, and the
relationship between these variations and those in the position of the
sun's appearance and disappearance. Even the geocentric theory thus.
involved relationships on relationships,

For centuries before Copernicus's publication of On the Revolution
of the Celestial Spheres in 1543, astronomers were bothered Ly the
inaccuracy of the predictions made with the geocentric theory. All
they did, however, was introduce corrections, until the geocentric
theory became hopelessly complex and incocherent, By taking the same
empirical facts and putting them into a vastly different set of rela-
tionships, Copernicus invented the heliccentric theory. Operations were
of course necessary for the creation of new relationships, but something
else was necessary for such an original, revolutionary, and powerful




 reconceptualization., I do not know what this “something else™ is. It
is something like “"creativity" and “the ability ¢o see things in a
differant way," but these terms do not say or explain anything,

Science itself is an example of constructivism. As can be seen in
Ruhn (1970} and Piaget (1978), the Coperxnican revolution is chly one
example of how science is constructed by progressive approximation, bv
going through one level after another of being “wrong.” To cite anotherz
example, Aristotle's law of falling bodies (in the same medium, bodies

‘fall with speeds proportional to their weights) was cerrected by Galileo,

who stated, "In a medium totally davoid of resistance all bodies will
fall at the same speed . . . {(and) . . . during equal intexvals of time
(a2 falling body) receives equal increments of wvelecity . . .* (March,
1878, p. 12). Newton then built on Galileo's physics, and Einstein and
quantum mechanics in turn went Beyond Newton's theory. All of science
is thus built by. constantly reinterpreting “facts," seeking new "facts,"
putting them into new relatiocnships, and constructing new paradigms.

Piaget (1971, 1872a, 1972b, 1873a, 1973b) showed that children's
spontaneous theories about causes in the material werld, too, undergoe

many similar revolutions.

How Are Operations Constructed?

~

Three of the ways Piaget answers this question are "By dissociation
from the content of thought,"™ "By thinking about content (i.e., phenomena)
and not by exercises in logic,” and "By egquilibration.™ Each of these is
elaborated below. (A fourth answer some people think of is “By direct ‘
teaching.” Direct teaching of bits and pieces, however, is the anti~
thesis of the construction of knowledge from within as a whole, especzally
of its fundamental organizatzan )

"By Dissociation From the Content of Thought

According to Piaget (1971}, all actions have two aspects, a physical-
material-observable aspgct] in which the subject's attention is oriented
towards the specificity of the event, and a logico-mathematical aspect,
in which the subject is oriented towards what is general in the action
that produced the event. During the sensory-motor period, the child's
interest focuses on the physical aspects of his action. The baby con-
structs objects and learns what happens to them when he pushes them,
pulls them, shakes them, and drops them. However, none of these actions
is limited exclusively to the physical side, since, as stated before, to
recognize a rattle, for example, the child has to fit the object into a
classificatory scheme. There could obviously be nc knowledge of objects
if each observation were an isolated incident unrelated to previcus know-
ledge.

During the preoperational period, the physical and logico-mathematical
aspects of knowledge continue to be relatively undifferentiated, with the
physical side still dominating the child's thinking. All the prelegical
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thinking of this pericd can, in fact, be interpreted in terms of the
primacy of the physical-cbservable side. For example, the child under-
stands the pouring of liquid in physical-cbservable terms., Since
physical actiens on cbiects usually change scmething observable in
objects, pouring lzquzd into another container is also thought to
cause a change in the object. Modifying the shape of a =1;y ball is
lxkew;se understood in physxcal-ahservahle teﬁms

During the period of concrete operations, the lcgzce-mathematxcal
aspect of knowledge becomes partially dissociated from the physical
aspect as relationships bhecome coordinated intc closed, coherent,
operatignal structures. The structures appear first with contents
that are easy to structure. The conservation of discrete cquantities
thus appears before the conservation of liquid and clay. Because
‘weight can be known only kinesthetically as a force pressing down,
it is even harder to "logicize" than amount of ligquid and clay.

Eventually, the logico-mathematical aspect of knowledge becomes
sufficiently differentiated from the physical content to make opera-
tions on operations (formal operations} possidle. In using formal
operations in sciences other than mathematics, however, the adolescent
still thinks about content rather than applying puxe logic to content.

Logic and mathematics are completely dissociated from content and
independent of 'it. ILogico-mathematical knowledge thus becomes inecreas-
ingly ‘more independent of content as the child grows older. Physical
knowledge, on the other hand, beccies increasingly more dependent on
logico-mathematical knowledge. Aristotle's law of falling bodies is
.an example of the logico~-mathematization of content.

If operations are constructed by gradual dissociation of systems
of relationships from the content of thought, the reader may think
that Piaget wounld advocate exercises in the construction and coordina-
tion of relationships. To avoid this inference, I would like to give
a second answer to the question "How are aPerations constructed?”

-y
By Thinking About Content (i.e., Phenomena)
and Not by Exercises in Logic

Piaget certainly does not advocate exercises in logic cor even
classification as can be seen in the following quote:

the child may on occasion be interested in seriating
for the sake of seriating, in classifying for the sake of
classifying, but, in general, it i{s when events or phencmena
must be explained and goals attained through an organization
of caures that operations will be used the most (Piaget,
1971, p. 17}.

Overations develop by being used, and they develop best when the focus
of thinking is on phenomena and not on the logical form. The more oper-
ations develop, the better children can cobserve and understand phenomena
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as we saw earlier in Ehildren's obgervation of liquid in UQshaped
glass tubes. The better they read reality and understand it, the
nore opotatiens‘will in turn develcop. -

By Fguilidration

This is the third way of describing how operations are constructed.
Equilibration, it will be recalled, is one of the four factors Piaget
cites to explain development, (The other three are maturation in the
biological sense, experience with cbjects in a physical as well as
logico-mathematical sense, and social transwmission.) Equilibration is
the most important of the four factors because it is the internal selé~
requlating process of coordinating the influence of the three other
factors. o '

Equilibration is the process of tending toward equilibrium (i.e.,
coherence}. Piaget's equilibrium does not refer tc homeostasis, or a
return to the previous state of equilibrium, His equilibration is a
constructive process which he recently called “equilibration majorante"
(Piaget, 1975). 1In this book he distinguished three forms of equili-
bration: ’ :

1. Between the subject and the object
2. Between (or among) schemes or subsyétems
3. Between the totality of knowledge and its parts.

The first form can be seen in the construction of physical know-
ledge. The child apprehends reality by assimilating it into classifie-
catory schemes and situating it in series and by accommodating these
schemes.

The second and third forms take place within the subject. The
second is seen mainly in the comstruction of logico-imathematical know=
ledge. The characteristic of the third form is the differentiation of
schemes and their integration in the totality of knowledge. This thizd
form daminates the other two. .This emphasis on the totality.is the
hallmark of a biological conception of knowledge. Just as an embrye
grows by progressive differentiation and integration, knewledge, accord-
ing to Piaget, develops as a whole from the beginning. The totality has

a cohesive power, which imposes the constraint of coherence.

Before going on to scme principles of teaching, I would like to
conclude Phis theoretical part with a few words about creativity. '
“Creativity”™ can be understoocd in two ways: (a) in a strict. narrow
sense which refers to the unusual originality of a Piaget, Copernicus,
or Darwin and (b} in a broad sense. As we saw above, knowledge is con-
structed, or created, by each child (except for surface bits such as the
alphabet, ability to count, and names of things, which can be taught].
If all children construct operations, concepts, and theories, all of
them must be said to be creative, 1In education, if we fostered this
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natural creativity instead of trying to transmit readye-made knowledge,
I delieve we could produce adults who think more logically and crea-
tively than the average adult of today, as well as scientists who
make extraordinary contributions.

PRINCIPLES OF TEACHING

The most general and fundamental principle of teaching that can
be derived from constructivism is that children acquire a great deal
of knowledge ocutside school, and education must mesh with and support
this natural process. The question then is: How can we enhance this
process? I delineate below nine principles of teaching for elementary
science education. They will frequently be illustrated with examples
from one of the units on sinking and flecating of the Elementary Science.
Study, Teacher's Guide for Clay Boats (Education Development Center,
196%9). In my opinion, the Elementary Science Study is the most Piage=
tian approach to elementary science educaticn published in this country.

a3

d. Provide Physical Msterials for Students to Act On

There are two reasons for this principle. One is that physical
knowledge is acquired by acting on objects and seeing how objects react.
F- example, to find out whether a clay ball can be made to float on
water, or whether two pendulums with strings of unequal length can be
made to swing together, the student has to act on objects and get the
answer from them. As he varies his actions, he puts into relationship
the variation in his actions and the variation in the object's reac=~
tions. He thus develops not only physical knowledge but alseo logico-
arithmetical and spatio-temporal knowledge.

The second reason for my belief in students' working with objects
is that thic is the only way they can logico-mathematize reality. It
is not by learning words that students become better able to think
about the material world, s :

. . . , \

Part of the logico-mathematization of the material world is the
construction of relevant variables. In a study I did with Piaget (1974b)
with the balance shown in Figure 6, for example, I observed children's
difficulty in coordinating A and B with A' and B'. This large balance
had two plates {A and B} that made the weight (washers) in them pull the
bar down. It also had two sticks (A' and B') on the bar, and when the
child put washers on them, the weight pushed the bar down, Children of
elementary school age had no trouble reasoning that if there were six
washers in A, there had to be six in B, too, to make the bar horizontal.
They likewise had no trouble coordinating the relationship between the-
weicht on A' and B'. However, when there were six washers each in A and
B, and I asked what would happen if I tcok one of them out of B and put
it on B', they kept alternating their predictions between “The B side
will go down” and "The A side will geo down.” They usually began ky pre~
dicting that B' would go down ‘because there would be one washer on B'
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Figure 6

The Balance Which Showed

- Children’s Difficulty in Coordinating
Two Subsystems (AB and A'B")

50 6:9



and none on A'). "When I then pointed out that there would be six in A
and five 'in B, they changed their minds' and said, "Oh, it's A that will
go down." I weuld then point out that there would be one on B' and ncne
on A', and. they would change their minds again, and again. This is an
example of how children take “facts" from reality and put them into
small, local relationships before they beceme able to coordinate them
intoc one large system. Without real objects, they would not have oppor-

tunities to construct from reality the variables that are relevant to a
question. _

The logico-mathematization of a simple balance (without the two
subsystems, AB and A'B') is straightforward., We can see in Inhelder
and Piaget (1955) that, as they grow older, children quantify relation=-
ships with increasing precision. ‘The quantification is at first only
qualitative, or logical {(i.e., "The farther the weight is €rom the
fulcrum, the more force it has"). It is in the period of formal opera-
tions that the quantification becomes mathematically precise and students
can reinvent the law of inverse proportionality (i,e., “If the distance
is increased three times, the weight must be decreased to 1/3").

2. Keep Iin Mind the Following Four wWays of Acting on Objects and Choose
the Approach That is Appropriate to the Students' Developmental Level

a. Acting on ojects and seeing how they react
b. Acting on objects to produce a desired effect
c. Becoming aware of how one produced the Qesired effect

d. Explaining

‘The first two approaches are self-explanatory, but the third one is
not. By the time children are four or five years of age, they are able
to do many things at the level of practical intelligence, but they are
not aware of how they produced the desired result, For example, Piaget
(1974a) found that most four~vear~olds could twirl an object on a string,
dragging it lightly on the floor, and let it go just at the right moment
to make it land in a box several feet away. When asked at what point in
the object's revolution they let go of the string, however, they were
unable to give a correct descripticn (at the position of 9 o'clock in
a cleockwise revoluticon, :nd at the position of 3 o'clock in a counter-
clockwise revolution). 1In fact, he found the following three levels of
description:

Level I: Four- and five~year-olds said that they let it go
’ right in front of themselves, at the pesition of
6 ofclock.

wevel II: Seven~ to nine-year-olds said they they let it go
in front of themselves but at the position of 12
o' clock.

Level III: Around nine or ten years of age, children were able

to describe accurately what they had actually done.
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tntil age nine or ten, in other words, childrer. did one thing but said
something else when asked to describe how they produced the desired
effect. This cognizance is a construction that is much harder and
takes a longer time than common sense leads us to expect.

Explaining, the fourth way, can take the fomm cf straight explana-
tion of phencmena as can be seen in Piaget (1971, 1972a, 1872b, 1873a,
1973b) or of the systematic testing of hypotheses as can be seen in
Inhelder and Piaget (1955). The danger of focusing on explanations in
an educaticnal setting is that they often turn into verdalism,

When the .first two of the four approaches are used (™acting on
cbjects and seeing how they react” and "acting on objects to produce
a desired effect"), explanations can often be worked in in a more
thought-preovoking way. In "Clay Boats," for example, the teacher is
using the second approach when he asks students if they can make a clay
ball float on water, Later, when he asks what will happen if the child
puts objects in the clay boat, he is using the first approach., These
two approaches, as well as the third one, which is discussed below,
contain elements of explanation and are generally much better than the
teaching of an explanaiion, which is too hard for students in the period
of concrete operations anyway (Inhelder and Piaget, 1955, Chapter 2).

The third approach, becoming aware ¢of how one produced the desired
effect, can best be used when the teacher encourages a student to ask
another student how he accomplished a feat. This is an exampie of a
situation which is educationally good both for the student who teaches
something and the one who is taught something. In "Clay Beats," the
teacher is advised that students who cannot £ind a way to get the clay
ball to float might be encouraged to go around the room looking for
help from other students.

3. Introduce an Appropriate, Interesting Activity, and Allcw Students
the Freedom to Reject the Teacher's Suggestion

The activities in ESS have all been tested in classrocms, with,
students’ interest as the most important criterion of success. The
activities are, therefore, likely to appeal to students, but they
must not be imposed on them. The student should have the freedom
to pursue his own interest, as thought can develop only when the
student is involved.

4. Emphasize the Creaticn of Questions and
Problems (Goals) as Well as Their Solutions

Educators nowadays often advocate "problem solving," but we seldom
hear about the importance of creating problems {(or goals) and raising
questions. An important part of constructivism is the construction of
questions. Besides, when students try to answer their own questions or
solve their own problems, they are motivated to work surprisingly hard.
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I remember Piaget's saying in class one day that a scientist's
rescarch is only as good as the questions he raises. The formulation
of ciestions is one of the most important and creative parts of
scieace, which is neglected in science education,

5. Encourage Students te Interact with Fach Other

According to Piaget (1947, Chaprer 6), exchange of ideas is indis-
pencable for the development of reasoning. Although reasoning cannct be
taugat directly, its development can be stimulated by critical confrone
tations, especially with peers. Just as confrentation of points of view
is essential for the construction of science, this is indispensable for
students to build both physical and logico-mathematical knowledge. In
education, there is a strong tradition of teaching by getting students
to repeat the "right" answer. I prefer to encourage students to have
their own opinion (even if it may de "wrong"), express it, defend it,
and feel responsible for it. The honest expression of convictions, in
the ond, will foster constructive equilibration and make students more
intelligent and motivated to keep on learning than will learning the
"right" answer. [The reader interested in finding out what happens to
six-year-olds' thirnking when they are made to give the “right" answer
abou: specific gravity is referred to Kamii and Derman (1971).]

Scmetimes, the teacher can encourage individuals to compare ideas.
At o:her times, he can organize small groups to solve particular prob-
lems A third way of encouraging interaction is to have the entire
class compare problems, observations, and interpretations.

6. .dvoid Technical Terms and Emphasize Thinking

This point must be obvious from the findings from the class~inclusion
task, as well as from children's statements about why a key sinks and why
a Swiss cannot be a Genevan. Language can clarify and enrich ideas when
students are already at a high level of development. Too often, however,
words by-pass-or interfere with thinking (as can be seen in Kamii and
Derman, 1971},

7. Encourage Students to Think in Their Own Way

Below is an example from "Clay Boats"” which shows students comparing
the wrong things:

Many voungsters . . . feel that the bigger the "lake," the
better the "boat"” will float. One teacher brought in a dishman
for the youngsters to use. Some children took pieces of clay
home and tried them in the bathtub. In one class, children
tried to find out how little water a boat could float in (p. 12).

According to Inhelder and Piaget (1955), children do compare the weight
of the object with the “"fcrce" or "ability" of the total amount of water
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) :
to hold the object up, These are the wrong things to compare, but
students must be encouraged to think in tZeir own way. Some of their
intuitions are correct and others are not, and these ideas must be
worked through and cocrdinated if students are to become clear, pre=
cise thinkers. The wrong intuition will get in the way of clear
thinking if.it is not coordinated with other ideas and contained in

a higher-~level belief

8. Reintroduce the Same Material and Activity Over Several Years

) "The same student looking at a mobile, scapbox derby, or any other
object or event does not see the same reality at ages six, ten, and
fourteen. The reason is that the older student assimilates cbjects
into better structured knowledge than does a younger student, This is
why the tight sequencing of content is unnecessary. Besides, Piaget’'s
research has shown that children acquire knowledge in ways that are
very different from what adult common sense leads us to believe.

The statement that tight sequencing is unnecessary does not imply
that all sequencing must be avoided. For example, *Clay Beoats" is
recommended for grades two through six, Within this wide age range, the
teacher is told that for young students the problem is that of designing
an object that will float. For older students, on the other hand, the
problem is one of finding out why a particular design holds a bigger
load than others and what makes an cbject sink or float, Another broad
outline of sequence can be seen in the,following two suggestions after
students become .able to make their sﬁé@ float:

You might now ask the children if they have any objects
in their desks which they would risk putting in their boats,
The first clay boats are usually loaded with such classroom
staples as crayons, pencils, erasers, and paper clips (p. 12).

. . . you may want to give him some of the uniform weights
(ceramic tiles, pennies, metal fishline sinkers, washers,

or paper clips) and suggest that he fxnd out how many his

boat will hold (p. 14).

In each one of the above suggestions, the teacher is taking sinking -

and floating to a higher level than before. The important thing is that
the teacher not impose these ideas. If the right suggestion is made at
the right time, it can lead students to high-level questions such as the
following:

Will the same boat always hold the same number of sinkers?

Must the sinkers be placed in the same position every time?

What happens if water gets into the boat?

What happens if the sinkers are dropped into the boat? . . .

thrown in? ({(p. 14)
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. Mote that there zs a high degree of interaction between the sequenc~
LY - ing done by the teacher and the sequencing done by the students. The art
. of teaching lies in figuring cut when to raise a good question that will
stimulate the student to go on to higher-level thinking and when to
refrain from asking questions.

9. Integrate All Aspects of Knowledge

If knowledge develops as a whole, it is best not to compartmentalize
it into subjects such as science, language arts, drawing, and mathematics.
Students should be encouraged to record what they dié and observed so
that they will be able to think more clearly about whatever they are
trying to find cut. When they make drawings to illustrate important
points, they think about perspective and proportions. When they are
encouraged to read other students' notebooks and react to them, their
written and spoken language develop, as well as their thinking. Measur-~
ing, counting, and establishing numerical relationships .are also a major
part of the logico-mathematization of physical phenomena. A good example
given by Duckworth (personal communication) is asking students if they
can make cone of two pendulums swing 20 times while the other swings ten
times. 1If the climate of the classroom is right, students may go on tc
ask themselves how short the string should be for the ratio to change to
30:10 and then to 40:10.

The ESS is an example of research on teaching with real teachers in
real classrooms. While this is not the only group in science education
who has done research in classrooms, I think its constructivist convice

- Xion isg unmatched by any other group who has published an elementary

' science curriculum in this country. Further research is necessary to °
make the theoretical rationale and principles of teaching more precise
in the ESS. I hope also that longitudinal evaluation research will be
conducted in innovative ways such as the one exemplified by Duckworth
(1978).

An unexplored gold mine is Piaget's published (1971, 1972a, 1972b,
1973a, 1973b) and unpublighed research on children's notions of causal-
ity. Precise information about students' interpretations of specific
phencmena at various age levels would be ext.emely useful for teachers
to have. With this informaticn, teachers would be better able to guess
which gquestions might be fruitful to raise and which ones are impossible
for students to handle before a certain level of development,

The important question both in teaching and in evaluation based on
Piaget's theory is not how fast students will go through the stages but
how far they will go eventually as adults. Findings from research such
as that by McKinnon and Renner (1971) and Schwebel (1875} show that the
"cream of the crop" of our schoecl population who are successful enough
to go to college are, for the most part, not capable of formal opera-
tiocns. The percentages of college freshmen they found to be capable of
splid formal operations were 25 and 20, respectively.
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Formal operations do not suddenly develop at age 1l or'12. Their
foundation develops slowly all through infancy and childhood. There
is an enormous challenge ahead with this underdeveloped human poten-
tial, and I am convinced that educators will same day become able to

" meet this challenge.
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INTRCDUCTION

Few psychologists have concerned themselwves as directly or as exten-
sively with the development of the rational powers as has Jean Piaget.
Piaget's work is of particular relevance for the present volume, since
he has taken as his model of raticnal thought the mental processes of
the mature scientist. Of the many questions which Piaget has sought to
answer perhaps the most important two are (1) what is the nature of the
mental processes on which scientific reasorning depends, and (2} how do
these mental processes evolve? His answer to the first question is that
the mental processes on which scientific reasoning depends take the form
of delicately balanced systems of internalized actions, whose organiza-
tional structure may be represented by symbolic logic. His answer to
the second question is that these systems of internalized actions (or
operational structures as he calls them) evolve through a series of
four stages from birth to adolescence. This evolution proceeds as a
result of the interaction between the child's spontaneocus attempts to
construct a c(cherent picture of his environment, and the nature of the
environment to which he is exposed.

In the present chapter I shall present a theory of intellectual
development which draws heavily on Piaget's. T shall also suggest how
this thecry may be utilized for improving the process of instructional
design. Finally, I shall attempt to set both the psychological thecry
and the instructional technology in historical perspective.

THE PROCESS OF INTELLECIUAL DEVELUPMENT

According to Piaget, intellectual development may be divided into
the following four stages, each of which has its own distinctive opera-
tional structure: the sensorimotor stage (0-2 years), the preoperational
stage (2-6 years), the concrete operational stage (6~12 vears), and the
formal operational stage (11-16 years). The theory of development which
I shall ocutline in the present chapter preserves Piaget's notion of four
general stages. However, the theory is somewhat more detailed than
Piaget's in specifying the processes that are responsible for propelling
children from one stage or substage to the next. In addition, it draws
heavily on three ideas which do not derive from Piaget's work, but rather
from contemporary cognitive science. The first of these is that the
operational structures of each Piagetian stage can be modeled as sets
of executive strategies (cf. Bruner, Oliver and Greenfield, 1966; Simon,
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1962y . The second is that the acquisition and application of any given
executive strategy require a specifiable size of working memery {cf. b
Case, 1968; Halford, 1570; Bascual-lLeorse, 1969; MclLaughlin, 1963). \\
The third is that the more automated an intellectual operation becomes,
the less attention it requires for execution (=f. Solamon and Stein, ISSS}X
Stated in more contemporary terms, the more automated an intellectual \
cperation becomes, the lower its demands on working memory {cf. Neisserx, \
: 1876; shiffrin and Schneider, 1977). \
In describing my theory, I shall begin with an account of the
strategic changes which occur within each Piagetian stage. I shall
then describe the more basic processes which I see as underiying these
changes. Finally, I shall describe the mechanism which I believe is

responsible for producing the transition from one stage to the next.

DEVELOPMENTAL CHANGES IN EXECUTIVE STRATEGILES

Changes During the Stage -of Sensorimotor Operations

From the time of birth to the age of one and one~half years, child-
ren pass through a series of sub-stages in which their motor strategies
become increasingly complex and powerful. Consider, for example, the
changes which occur during this period in children's strategies for ,
performing a directed action with their hand (Piaget's means-en&s" .
scheme) . . . ’ - :

e
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‘Sub—stage l: Isclated Centration

Somewhere between one and: four months, children become capable of
executing a directed rather than a reflexive manual action, Piaget
gives the example of his sen, Lauyrant, whose hand happened to be placed
near his mouth by his caretaker. Immediately following this event,
the child made 13 attempts in a row to put his hand in his mouthk until
he had perfected the movemen Although children gain basic control
over the movement of their hanfls during this substage, however, thev
cannot yet relate this movemedt to the movement of some other object.
Because their. reaching strategies involve only a single step (i.e.,
action of child -« gratification), Piaget refers to them as "primary
circular reactions."

Sub-stage 2: Unirelational Centration

During the second substage, children become capable of centering
not just on one action of their own, but on the relationship between
this action and some consequence in the external world. For example,
if children happen to strike a mobile in a way which produces a partice~
ularly interesting movement, they will repeat that striking action
again and again, delighted with the result produced. Because their
strategies now involve two components, (i.e., action of subject +
reaction of object # attainment of desired end), Piaget calls them
"secondary circular reactions.”




Sub-stage 3: Birelaticnal Centration o

Du:ing the th;rd substage, children become eapahle of executzng
actions which only indirectly produce interesting results, For
. example, they become capable of striking a barrier (action 1) so that
. they can reach a second cbject (action 2) and produce a reaction which
is the real focus of. their interest, Their strategy thus incorporates
one additional element beyond the previous sub-stage. It can be chare
acterized as: action 1 + action 2 + reaction of object = gratification.

Subrstage ¢: BRirelational Centration with Elaboration

During the. fourth substage children beceme capable of more than
merely acting on an object which is not the prime focus of their
interest to remove it, . In additicon, they become capable of actively
using such an object to attain to a second cbject which is the real

‘ focus of their interest., For example, if an object is sitting on a
toewel, they may pull the towel, so that the towel will move the
cbject sittingon it, sothat they may act on that cbject. This may
be represented as: action 1 (subject on cbject) + action 2 (object
on ebject] + action 3 (subject on object 2} + reaction of chiect 2 »
gratification. ]

*

The most striking charaq;ﬁéistic of this sequence is that each
successive strategy is a modified and more powerful version of the
previcus one. That is, although the basic operation (reaching)
remains the same, each successive strategy in which this operation
is embedded takes intoc account some new and relevant feature of the
infant's world; and incorpdrates an additional step or set of steps
for dealing with it. In Piagetian tems, each successive strategy is
both more differentiated and more equilibrated than previous ones.
T™wo broad classes of factors may influence this process. The first
class is relatively specific and includes physical and social exper-
ience; the second is more general and includes maturation and internal
coordznit;on {(Piaget, 1864).

Strategy evolution: the specific experiential hvpeothesis. That
experience of a specific sort is necessary for the evolution of the
above strategy sequence seems obvious. If children were not exposed
to problem situations that were unsclvable by their most primitive
action strategies, they would have little motivation for medifying
those strategies. For example, one would not expect a child to make
the transition from substage 3 to substage 4 unless he encountered
situations in which the desired play object was beyond his immediate
grasp. At the very least, he would have tc have some observational
experience in’order to understand the effect which one cbject can
have on another.

On the other hand, however, given the remarkable uniformity in
the age at which these strategies emerge across different populations,
and the difficulty in producing more than a few months acceleration by
specific intervention programs, it seems unlikely that specific exper-
ience bv itself constitutes a sufficient explanation to account for
substage transition.

ol




Strategic evolutien: ¢the general develepmental hypothesis, If
one counts the number of events which must be held in immediate memory
in order to acquire or to execute the strategy that is characteristic
of each substage, one notes a remarkable progression., Given that the
child finds the exercise of some basic scheme such as sucking satise
fying, the only event which he need hold in immediate memory in order
to discover the first strategy is the action he directed his hand to
execute immediately prior to the satisfying result., Similarly, the
only information he need use to execute the strategy is feedback from |
his hand. In order to discover the second strategy, he must be able
to hold some trace of the original action which he executed, plus some
information about the effect this had on the object. Similarly, in
order to execute' the second strategy, he must be able to coordindte
input f£rom his hand with input from the cbject itself, _xn oxder to
discover or execute the third.strategy, the child must be able to retain
both the previously mentioned items of information, plus some informa-
tion about the action which removed the barrier. F;nally, in order to
discover or execute the fourth strategy, the child must be able to
retain all three of the previously mentioned pieces of informatien,

Plus scme information about the action of cbject 2 on object 1. It o

'\

therefore seems possible that an increase in the span or duration of SR

immediate memory may constitute the general developmental factor which
regulates children's progress through the above sequence. Prior to
the age of four months, children may not be able to retain the trace
of more than one sensory or motor event in their immediate memory.
Prior to the age of eight months, they may not be able to retain the
trace of more than two such events, and so on. If this were true, it
would explain why the age cof emergence of each strategy is relatively-
constant across environments, and why there is a floo¥r below which
even carefully planned experience does not appear to have much effect.

Y

In its general form, such a hypothesis is not unigque to my own
theory. A number of investigators in the area of infancy have made
similar suggestions (cf. Bower, 1874; Pascual-lLecne, 1976a; wWatson,
1967). What is unigue to my theory is that the same exvlanation is
advanced to account for the developmental progression within each of
Piaget's major stages.

Changes During the Stage of Symbolic Operations
7

During the years from one to five years, the child passes through
another series of sub-stages in which his strategies become more come~
Plex and powerful. The content of these strategies differs fundamentally
from thac of the earlier strategies, In Piagetian terms, the ceontent
tends to be symbolic or "representational" rather than sensorimotor.
In spite of the difference in content, however, there is a remarkable
similarity both in the sequence of sub-stages and in the types of pro-
cess which must be postulated in order to explain the transition from
cne sub-stage to the next, Consider, for example, how children's per-
formance changes on the task of encoding and reproducing a meaningful
speken sentence. ‘
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Sub-stage l--lsclated Centration

- Scmewhere between their first and second birthdays, children begin
to isolate frequently heard and pragmatically relevant words from the :
stream of language to which they are exposed, and to repeat them. If , N
an adult smiles and says one word, they will repeat it successfully.
if the adult utters several words, however, they will repeat enly the’ ‘
one that is pragmatically or acoustically most salzent. . .

Sub=stage 2--vhire;atzonal Centraticn

" As they approach their second birthday, children enter the “two-
word" sub-stage. If they are asked to repeat pairs of words such as
"Daddy came," they can do sc,‘ However, if they are asked to repeat a
sentence with subject, verb, and object, they will repeat only two of
the three pessible words,

Sub-stage 3--Birelational Centration

The two~-word sub-stage does not last long, Children socon master
more differentiated patterns or "frames® that refer to chiects cor
actions (e.g., "a big boy" or "wanna go")., By about age three, children
can repeat a sentence with a differentiated subiect, verb, and chject
(e.g., The little boy wants to feed the puppies). As Bever (1970) has
peinted out, this is also the age When children start misinterpreting
meore complex sentences by imposing a aubject-verb-olject pattern on
them.

Sub-stage 4-~-Birelational Centration with Elaboration

During the fourth substage (four to five years), children can encode
and repeat sentences having several fully differentiated linguistic
frames arranged in the conventional subject-verb-odject pattern, even
those with a2 modifier frame attached. A sentence repetition item which
appears on the Stanford Binet, for example, is "Jack likes to feed the
little puppies in the barn.,"

There is a clear parallel between the above sequence of substages
and that cbserved during infancy. The basic type of operation (linguis~
tic encoding or decoding) remains the same., However, at each successive
substage the child becomes capable of using this type of operation in a
linguistic performance which takes account of some new element in the
target sentence, and which incorporates a procedure for storing and .
repeating it. Given this parallel sequence, it seems likely that there ’
is a parallel in the underxlving process which produces the sequence.
First, specific experiencn almost certainly affects the rate 5f progres-
sion. Children do not learn just any language. They learn che language
of their own culture. And it would be strange if the quality and quan-
tity of language stimulation did not affect the rate of this learning.
Second, given the relatively narrow range in the age at which each

. .(ﬁi f;l
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: pattern is observed, some general developmental factor very probably
affects the rate of progress as well., As a number of psycholinguists = ‘ .
have noted, a certain minimum size short-tem memory{&péears to be pre-
requisite for discovering and utilizing each of the iingquistic .
constructicns appearing in this period (c¢f,), Bates, 1976; Slcbin, 1973).
Although there is no standard procedure for segmenting sentences and
counting their memory demands, segmentition may prdceed according to
the frame~analysis proposed by Halliday and utilized by Winograd in -
his computer simulation of natural language comprehension {Winograd,
1872}. 1If this is the case, and if one’unit of short-term memory is
necessary to store each frame to be repeated, then the absolute humeri-
cal progression across stages is also the same as on the meanseends task.
The demand for segmenting and reproducing at the f£irst level is one unit,
at the second level two units, at the third level three units, and at

the fourth level four units. : “o )

o
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A similar trend is observed during the next major stage of develop=-
xent. . ) :

) . e ~

Changes During the Stage of Concrete Operations

During the age range f£ram four to eleven years, children again go
through a number of qualitatively distinct substages in which their
thinking becomes increasingly complex and powerful. The content of
the strategies which they are capable of utilizing differs fundamentally
from the content of the strategies which they are capable of using during
the representational stage. 1In Piagetian terms, the content tends to be
transformational or operational rather than symbolic or imitative. In
spite of the difference in content, however, there is once again a
remarkable similarity, both in the sequence of substages that is )
observed, and in the type of process that presumably underlies this
sequence. Consider, for example, how children's strategies change on
a task designed by Noelting (1975), . -

In Noelting's task, children are shown two large pitchers, A and
B. The experimenter explains that he is going to dump several tumblers
of orange " 'ice and several tumblers of water into each pitcher. The
children's sk is to predict which pitcher will taste more strongly of
crange juice. They may courit the tumblers of each liquid that will be
poured into each pitcher, but they may not pour the tumblers in to see
if they are right. Table 1 presents several of the specific problems
and the ages at which these problems are first passed.

Noelting has modeled children's reasoning at each substage both in
terms of the executive strategies they use and the logical structures
which these strategies imply. It is his account of the executive
strategies that is of interest from the point of view of the present
theory.

N
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Table 1

Sequence of Strategies Observed on Noelting's Juice Problem

Developmental Age of Gleobal Descripticen
Level Assession Tvpe of Item Passed of Strategy

1 - 3-4 ] o) A Isclated Centration

_ : K 4-5  §EBUU TE8LUCU Unidimensicnal Come-
- - parisont?
3 7-8 E8 00 G B UUDUUU Bidimensional Com~
‘ " parison

4 9=10 B UCU E8 UU U U UU Bidimensional Com-
: parison,** with
B Quantification

*Noelting's data shows the age of arcession for this item as four
years. Our data suggests that this is true only for very simple number
comparisons, e.g., 1 vs. 3, Thus, I have listed the age of accession
as four to five years.

**The strategy for this item has been induced from Noelting's error
data. His own description is somewhat different,

Substage l: Isolated Centration

By the age of three or four, children are usually capable of count=~
ing a small array of objects. However, they o not use this capability
in Noelting's task to compare the two arrays. Instead, they evaluate
each arrcay in isolation,; noticing only one global feature: the presence
or absence of juice. They therefore succeed on problems where just one
side receives juice, but fail in all other instances,

Substage 2: Unirelational Centration

Durinag t%: second substage (four and one-half to six vears), child-
ren notice not only the presence or absence of juice on each side, but
also the quantity of juice. That is, they begin to use their counting
ability for comparing the amount of juice on each side. Their strategy
is to rick the side with the greater number of juice tumblers and to
say it will taste more strongly of juice.

63
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Substage 3: Birelational Centration

At the next substage {(seven to eight yvears), children notice the
number of water tumblers on each side as well as the number of juice tumb~
lers. They count the number of water and 3u1ce tumblers on each side,
and pick the side having an excess of juice over water. However, if both
sides have an excess. of juice over water, they simply guess.

~

Substage 4: Birelational Centration with Elaboration

By age nine, unless each side has the same simple proportion. ef
water to juice, children notice the extent of the excess or deficit
of juice over water on each side and make their decision on this basis.
They therefore succeed on any item where simple ratios are involved,
or where the correct answer may be cobtained by determining which side
has the greater excess of juice over water. They continue to fail,
however, on all other items. :

Thas T
'

Once again, there woculd appear to be aldefinite parallel between

‘the sequence of substages in Noelting's task and the sequence of sub-

stages in the sentence repetition and object retrieval tasks. The basic
operation at each substage remains the same (counting}. However, each
successive strategy into which this operation is embedded takes account
of some additional feature of the array of tumblers, and incorvorates
some additional procedure for dealing with it.

Given the parallel sequence, there is very probably a parallel in
the underlying process which propels children through the sequence.
First, specific experience must affect the rate of progression through
the sequence. The greater the child's exposure to juice mixing situa-
tions, the greater the likelihood that he will reach a high level of
strategic development at any early age. Second, some general develop-
mental factor very prohably affects the rate of progress, If one counts
the number of items which must be held in working memory to execute
Noelting's strategies, one notices the same progression as during pre-
vious stages., For the simplest strategy, only one item must be
considered: the presence or absence of juice. For the second
strategy, two items must be considered: the number of orange juice
tumblers poured into A, and the number poured intoc B. For the third
strategy, three items must be considered: the number of orange juice

 tumblers in B, the number of water tumblers in B, and the stored cenclu-~

sion of the relative quantity in A. Finally, for the fourth strategy,
four items must be considered; the additional item being the exact
quantity of the difference between orange juice and water in A. A

more detailed calculation of these values is presented in Table 2.

As may be seen, the calculations are based not on the total number of
items an external observer might count, but rather cn the total number
of items the subject must hold in working memory at each step of his
thinking. This step places the maximum lcad on the system and there-
fore is the point where insufficient working memory will lead tc failure.
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Tadle 2

Working Memory Demands for Iweculing Concrete Cperational Strategies on Noaiting's Task

e W

items in Working Memory

(f.e., {2ans ™Meing Namory
Strategy Stens Involved aztended eoj Demand
Iscliated Centra- Stes 1 - Lok for orange juice in A, if it is there, say (i) colour of tumblers in array A i
tion {Precpera-~ it will taste of orarqge juice, if it is not there, say it
tional) {J-4 years) won't taste af orange Juice.
Step 2- lock for oranse julce in 8, 4f it is there, say it {i) ®colour of mmbliers 4in array B 3
will taste of orange juice, too. If not, say it won't.
Unidisensicnel Step 1 - Count the nunter of orange juice tumblers to be {4: # of crange juice {(A) i
Copparison dusped ante A, (Stors)
{5-6 yeazs) Step 2« Count the numter of crange jyice tuzblers to be (i) # of crange julce (A} <
dumped into 8, (Score) {48} & of orange iuice (3)
Sten 3- Select larger nunmber and predict that the side with {1} # of orange juice {A} <
that number wilil taste stronger. 1€ the two rnunbers are (3i)} # of crange 4uice (8)
squsl, s&y they will taste the same.
Bidimenszioral Step 1 - Count the nurker of orange 4uice tumblers to bc {i) # of crange juice (A}
Comparison dumpad into A. {Ftore)
(7-8 years) Sten I« Count the nunber of water tunblers tc be dusped {i) **# of orsnce juice (A)
into A. (Store) (ii} € of HO (N)
Stex 3~ Note whethor gvelative amount of crarge juice is (i} orange juice § 20 (A) i
nore, Oor less than amcunt of water. (Store)
Step 4= Count number of eungn juice tumblers to be dumped (i) *%orange juice E_Hzo (A} ]
intc B. (Store) (&4} @ of orange juice (3) i
Step 5~ Count the number of water tumblers to he dumped (i} =8 of orange juice T HO (A) 3
into B. (Stcre) (ii) **# of orange juice (3)
(iif) & of K0 (B) ,
Step 6 - Note whetheT amount of orange $uice in B -is nore, (i) "ecrsnge juice € H20 (A) 2
less, or same as amount of water in B. (Stcre) (3i) **orange Juice £ H. (3}
Step 7-Pick side with more orange juice than water (s $8) orange juice ¥ K10 (A} 2
morel . or side with lesg oSrange Suice than water (as _2ss) . {2i) orange juice § H70 (®)
If relative amount o each side is in =he save diruction,
s4Y they have the sare.
Bidimensional Sted 1= Count orange juic® in A. (Store) (1) § of orange juics (R)
Comparison with & -e $ p o ]
Quartification Step 2 - Count water in A, (Store) (L) *%% of orange juice (N
{910 years) {23} # of 0 (A)
' Step 3 - llote which has more, and how much more, (Storal (4} crange juice ¥ H,0 2
{34) difference = ¥
tep 4 - Count orange jui<e i1n S, (Store) (i) **crance ‘uice § K20 (A} 3
{{i} **differerce = X
(414} # of arange ‘uice (3)
Step 5 - Count water in 8. (Store) (il **orange juicze ¥ H-O (A} $
{{i)j**3ifference = ¥
{iii) **¢ of crenge juice (B}
{(dv} ® of H2C (B} ’
Step &~ Note which has more, ard Mow such nmore. (1) **orange juice § H23 {A) 4
\ (ii)**gifference = X
{111 *®orangy juize § B,0 (8}
{ivi®*differerce = Y
Step 7 - Apprly same decision rule as in Strateqy III, anless
relationship is the sams an boc: siles. -n which case say
equal :f Jifference is equal., or -are 1adsrent on kasis »f
grestear diffgrerce fe.g., H:2 X0 =y 5 - A, and &y 3 i 2,
Cisk A 28 weiker: .
*The zeason this is not listed as a sezord i-es in worki- T memory i& that the fairst {tem has slready been resrc~ied o,

and no lorger needs o be stored.

**This {tem, which was gensrated in a Fre7i0us ster, Jwust e stored for use Ln A subseguent step.
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Given that Noelting's sequence of strategies shows this progres-
sively increasing demand on working memory, the obvious “general
developmental™ hypothesis is the same as that which was advanced for
the earlier stages: that the child's rate of ptog:ess through the
sequence is determined not only by the quantity or cuality of his .
specific experiences, but alsc by the rate of growth of his working
memory. A number of investicators have proposed such an hypothesis to
account for- the general-organismic factor during this stage (cf.,
Bruner, 1986a; Case, 1968; Halford and MacDonald, 1977; Mclayghlin,
1963; PascCial-Leone, 1969; Piaget, 1920). However, the apprcach that
I have used for computing the memory load is based on a modification
of the procedure provosed by Pascual-Leone (cf., Pagscual-Leone, 1970;
Case, 1974). Consider now the sort of strategy seguence which. is
observed during the fourth and final of Piaget's stages.

Changes During the Stage of Formal Operations

The nature of the development which occurs during the stage of
formal operations is probably less well understood than that which
occurs during any other stage. ‘llevertheless, if Noelting's task is
at all representative, it seems likely th:t children may once again go
through a series of qualitatively distinct substages in which the type
of content is different (being "formal"” rather than concrete) but in
which the undexrlying process is the same. Consider the strategies
which are observeu on Ncelting's juice-mixing task in the age range
from 8 ¢o 1l6. . : ‘

Substage l: Isolated Centration

By the age of eight or nine, children in Western societies are
normally capable of underscanding and computing a simple ratio. How~
ever, they do not use this capability to compare side A with side B.
Instead, they consider each side in isolation, and classify each side
as having more, less, or the same amount of juice as water (see sub-
stage 3, concrete operations).

Substage 2: Unirelational Centration

During the second substage (at about 11 years), children do use
their understanding of ratio to compare side A with side B. If the two
ratios are equal, they respond that brth sides will taste the same. If
the two ratics are clearly unequal (e.g., 2/4 vs, 3/4 or 1/4 vs. 1/3)
they also respond appropriately. 1If the two ratios are not directiy
comparable, however Xe.q.. 1/3*vs. 4/9), they fall back on the most
sophisticated concrete operational strategy, namely computing the
difference between the number of juice and water tumblers on each side.



Substage 3: Birelational Ceantration

During the third substage (11-14 vears), children take the relatione
ship between the two denominators into account as well. Thus, if the
two ratios are not directly comparable, they compute the factorial
relationship between them, and use this factor toc put the two ratios

'in a comparable form, Forxr example, if the two original ratios are 1/3

and 4/6, they notice that 6 = 3 x 2, and convert the 1/3 to 2/6. They
then compare 2/6 with 4/6 and answer appropriately,

Substage 4: Birelational Centration with Elaboration

At the final substage (15-18 years). children become capable of
solving the problem even when the relationship between the two dencmina~
tors is not a simple factorial one. First they multiply the £irst ratio
by the denominateor of the second ratio, thus generating a new fraction
as in the previous substage. Tuen they repeat this operation in reverse,
multiplying the second ratio by the dencminator of the first ratio, and
obtaining a second new fraction, Finally, they compare the two new
fractions and respond accordingly. ‘ :

The detailed procedure for executing each step of each strategy is
represented in Table 3. However, even without consulting this table,
it will no doubt be apparent that the sequence of substages is formally
identical to that which is observed during the earlier stages. The
basic operation at each substage remains the same (ratio). However, at
each successive substage children take account of some additional
feature of the problem, and incorporate a new step or set of steps for
dealing with it. Given this fact, the same two general factors may he
postulated as underlying the process of strategy reorganization, namely

specific experience and an increase in working memory. The working memory’

which is required for executing each of the stratégies is listed in Table
3. "As may be seen, the values once again increase from one at the begin-
ning of the stage to four at the end.

So far, T have analyzed a task from each of Piaget's stages to make
three simple yet central points: (1} as children pass through a seguence
of substages within each major stage their ‘strategies or rules for
approaching the problems of that stage become increasingly complex, (2;
one necessary condition for strategy restructuring is exposure to infor-~
mation of relevance to the specific domain in question, and (3) a second
necessary condition is an increase in the working memory space for coor-
dinating the information of relevance toc the strategy. I turn now to &
consideration of two further peints: (1) How it is that working memory
increases within any given stage, and (2) how it is that children make
the transition from one major stage of thought to the next?

o
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Tadie 3 : .

Wozking Mamory Demands for Executing Formal Operational Strategies on Noelting's Task - % .
. lItems in ¥orking Mesorv Memery “ e
Stracegy Stess Involved (.., 3tems Being Attended To! sexsnd

Isolsted Centration See Tadle 2
Unirelational Step 1 Campute nuster of water for every orange {i}] Suaber represancing U 00 #QT, i
Comparisen juice in A. ’

Step 2 Conpute numter of prange juice for every {ii) NMumter zeprasanting !;%0&, P

water in 8.

-

Sten 3 Compare two s2ored praducis. Dick side
with smaller aurmder as strorgesr.

Birelaticnal Step 1 Ceapute number of orange duice in 3 :“ (1) sumber representing Qg ¢ QTy L
Comparison every orange juice in A. . .
Step 2 Multiply product of Step 1 by numbar of (4] Numler representing QUy ¢ O,
- orange juice in AL {praduct of 1}
{44} mxpar of Qi .
Step 3 Compars O and Qly- (8] Nuber in O
Note equality. (ii) ¥ew nuabder fa QT (from Step 2)
Step & NMultinly factor which produced equality (i) QIp = Oy 3
in QF by nunder of H 0 in A, {ii) QT ¢ &7y (factor)
{iii)Number represanting H,0n
Step S Coopare new number of H.0 in A with nunber {4) Qg = 3
atep > 2 A ]
in A with aurder of Hg0 in 5. (ii) Ha20, (new)
{444) X053
Step 6 Given equality of QJ, pick side with lasger
H20 as weaker mixture.
Irirelazionai Step 1 Compute total number of glasses in A. (4} ctotai A
Comparison step 2 Compute total nunber of glasses in 3. (L) cotal A
' {ii) totai B
Step 3 Compute cormon dencovinator{i.e., multiply {4} total A x total & . s
total A by total 8 ),
Step 4 Adjust number of OJ in A by same factor fi} Cormon denomizator (tctal Ax tocal B) 1
used %0 generate stexzcn dencminatar (i.e., (22} &3y -
total 8). - (i1§) Tactorwhich praduced dercoinater
S A (total B} . '
Step 5 Adjust mmber of G in 8 by factor which {1} Adjusted number of OF in A 4
produced secamon dancoinater, {34} Cosmon dencminator (total Axtatal 8}
(i1i} Zactor which produced new dencminator
. in 5 {i.e., total &) -
(sv) aJg i
Stap 5 Ccopare g:‘:_.;s:cd &!A wiTn -3} Cocmon dencmaingtor (etotal 3
adsusted LB. A x total 8)
151) Adjusted Na
' (124} Adjusted >
Step 7 Siven cormon derkminater, {1} Cosmon denominator 2
Pick side wita larger (38) QIy $ &g
MUSerstor £§ stronger <
Mxture.
70 S
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” DEVELOPMLNTAL CHANGES IN ATTENTIONAL CAPACITY

4

As the reader will no doubt have noted, I have proposed four Tow
. different quantitative scales, each of which shows a similar growth
curve and each of which is presumed to exert a similar influence on
strategic developmeni. One possible explanation for this pgttern is
that there are four different working memories in the human psycho-
logical system, or at least four different sources of scheme activation.
Each of these memories could then be postulated to exhibit its most
rapid growth during a different Piagetian stage, An explanation which
is more parsimonious, however, and which {to me, at least) is more
satisfying, is the following: (1) There is one central working memory
which can serve as a space for storing information or as a space for
cperating cn it (cf. Breadbent, 1958; PascualeLeone, 1869), {2} The
underlying capacity of this working memory does not grow with age, at
least after the age of 2 (cf. Case, 1878; Chi, 1975; Dempster, 1976;
Simon, 1972}, (3) The measured increase in storage capacity within each
stage is due to a decrease in the capacity required to execute the under-
lying operations which are characteristic of that stage.

Symbolically, these three propositions may be represented as follows:

o+ 8=k

]

where o = the functional capacity required for executing a

given operation

s = the functional capacity available for storing the
products of that operation

~
n

a constant, equal to the total structural capacity
of the organism.

To say that the structural capacity of the human organism does not
change with development is not to belie the importance of the functiocnal
changes that occur; it simply pushes the chain of explanation back one
step. Just as the increasing sophistication of children's executive
strategies within a stage may be partially explained by iné&eaSing
storage space, s¢ the increasing storage space may be partially
explained by the decreasing attentional control required to execute
the basic operations which the strategies entail., Presumablsy one reason
for the decreasing attentional control is the increase in general exper-
ience, that is, the practice in executing the basic operations across a
variety of specific domains. However, it is conceivable that maturation
might also place some limit on the speed of the automization process,
particularly in the earliest stages.

DEVELOPMENTAL CHANGES IN BASIC OPERATIONS

Throughout this chapter I have argued (following Piaget) that the
operations that characterize each major periocd of development are qual-
itatively distinct. This raiscs two questions: (1) how best to
characterize the qualitative differences among elementary operations,
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and (2) how to account for the fact that the sequence and appreoximate
i timing of their emergence is invariant,

In discussing the achievements of each stage, I have spoken as
though the differences between the underlying operations (senscri-
motor, representational, concrete operational, and formal operational)
were obvious. 1In fact, although their labels represent rather '
"natural" categories, they suffer from the same disadvantage as all

. such termms. The entities they represent are relatively easy to recoge~
nize, but not to define, and not even to discriminate once the examples
are. pet prototypic. For the moment, the best definition I can offer is
that a sensorimotor operation is one whose releasing component is some

| sensory input, and whose effecting compeonent is a physical movement.
A representatichal operation is one whose releasing component is scme
sensery input, and whose effecting component is an abstract encoding
of that input. A "transformational," or “"concrete operational" cpera-
tion is one whose releasing component is an abstract coding of a
situation, and whose effecting component is some other coding of the
same situation. Finally, a fcrmal operation is one which takes the
product of two or more concrete operations as input, and generates some
new coding as output. While these definitions capture some of the mean-
ing I attribute to each type of operation, it remains to be seen whether
they will adequately classify the full range of developmental phenomena.

What about the sequential relationship among the operations? Why
does the emergence of an operation at one stage seem to await the attain-
ment of a high substage of functioning at the previous stage? Piaget's
position is clear: higher order structures build on and incorporate
lower order structures. Until a structure at one level is fully con-
solidated, it cannot be used as a building block for assembling a
structure at the next level., It seems to me that Piaget's position is
fundamentally correct: the basic operations which are characteristic of
any given stage are assembled out of the components of the previous
stage, and the assembly process cannot take place until a reasonably
high level of functioning has been attained at the previous stage. 1In

. keeping with the general framework which I have presented thus far, I
would explain the necessity for attaining a high level of functioning
at the previous stage in terms of the working memory demands of the
assembly process, rather than in temms of “structural consclidation."
Nevertheless, the basic form of the explanation would be the same,

Consider, for example, the transition from the stage of sensori-
motor operations to the stage of representational operations. Why does
the child not assemble the basic encoding and decoding operations which
are characteristic of the representational stage until about the age of
one year? It seems to me that the reason is that, until that time, the
child does not have sufficient working memory to generate a set of
sounds, compare them with those uttered by an adult, and modify his
original utterance on the basis of this comparison.

As a minimum, it seems to me that the following schemes would be

necessary in order to effect this sort of vocal medification (1) a
schume representing the vocal programme which generated the child's
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utterance, (2) & scheme representing the actual sound which was produced
by the child and (3) a scheme representing the corresponding sound when
produced by an adult. If these three schemes were necessary it would
explain why babbling is obsegved from the first stages of development |
{scheme 1), why the pruductiﬁ{ of sound by the child in response to adult
sound is observed at 4-8 months (schemes 1 + 3), and why the reproduction
of adult sound is not observed until the age of 8 ¢to 12 months (schemes
1-3). It would also explain why socially appropriate or truly symbolic
use of words is not cbserved until 12~18 months. In addition to schemes
1=-3, a scheme representing the situation to be svmbolized would be
necessary for this achievement. .

A similar sort of contingéency might be present at the next transi~
tion point, where a certain minimum working memory using representational
operations may be necessary for executing an elementary concrete opera-
tion. Consider the basic operation underlying the concrete strategies
in Noelting's task--counting. ' Granted that even two-~year-oclds have some
understanding of counting (Gelman, 12978}, a certain functional storage
space may still be necessary for counting in adult fashion. One unit
of space may be required to monitor the set of objects just counted, one
to monitor the next object to be counted, one to menitor the number just
said, and one to monitor the number about to be said. Since a functional
storage space of 4 is not attained during the representational pericd
until age 4 or 5, this would explain why accurate counting is rarely
observed prior to this age. It would alsc explain why children de not
progress through Noelting's series of strategies until that time}

Finally, a similar sort of contingency may be present at the transi-
ticn point from concrete to formal .operations. Consider the basic
operations underlying the formal strategies in Neelting's task=-
multiplication and division. If an understanding of multiplication
requires an understanding that counting to x a given number of times
{y) always yvields the same result, then the minimum functional storace
space which would be required to develop this would be three: one for
the number being counted to (x), one for the number of times it was
counted to (y)}, and cne for the result which was obtained (xy}. This
would explain why instruction in multiplication and is not
usually successful prior to the second or third grade. It would also
explain why the first formal operational strategies on Noelting's task
are not observed until the age of 10 or 11, when a multiplica..ou or
division can be executed while at the same time the product of such an
operation is stored.

My exposition of the basic postulates of my theory is now complete.
However, there are two corollaries which deserve some additional comment.
These are (1) that any factor which affects the difficulty of an intel-
lectual operation within a stage will produce a horizontal decalage,
that is, a shift in the first stage at which the strategy involving that
operation is observed, (2! that the shift from a functional memory of
one to a functicnal memary of two within any given stage has important
consequences for learning.
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OPERATIONAL DIFFICULT¥ AND THE.PROBLEM OF
HORIZONTAL DECALAGE : -

1f functional working memory is equal tc working memory capacity
minus the space necessary to execute whatever ‘operation is required,
and if the ability to employ a strategy of : a.gzven complexity is
dependent on the functional working memory which is available, it
follows that any factor which affects the space required to execute .
the basic underlying operations entailed by a strategy should alsc
affect the age at which the strateqy is €first observed, This would
include factors such as learning and experience, but would not be
restricted to them, 1In infancy, for example, one would expect that
secondary circulary responses would be observed earlier for motor re-
sponses which require little attentional control such as eve movement,
than they would be for motor responses which require a good deal of
attentional control such as hand movement. This is, in fact, the case
(C£. watson, 1967)., 1In early childhood cne would expect that two-frame
sentences could be repeated at an earlier age if the wotds involved
were monosyllabic than if they were polysyllabic, even with word
familiarity controlled. In middle childhood, one would expect that
strategies requiring bidimensional centration would appear earlier
for arrays which were easily quantifiable than for arrays for which
quantification was difficult. Finally, in adolescence, one would expect
that high level strategies entailing only multiplication would be
cbserved at an earlier age than parallel strategies entailing division
(which is nommally experienced as “more difficult"}. Similarly, one
would expect that problems requiring the manipulation of large numbers
should be solved at a later age than problems requiring the manipula~
tion of small numbers (Collis, 1975}, )

In general, then, one would expect that functional working memory,
and consequently the development of intellectual strategies, should not
follow cone growth curve but rather a series of parallel curves.
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RELATIONAL CENTRATION AND THE PROBLEM OF
LEARNING EXPLOSIONS

Imnplicit in my theory of develcpment is the assumption which under-
lies a number of previous. general theories {cf. Tolman, 1948: Pascual-
Leone, 1876}, namely that there is more than one kind of learning
proecess at work in the human system. The sort of process by which
automization occurs requires massive practice, and normally takes place .
only over a period of many years. By contrast, the sort of learning by
which strategy acquisition takes place occurs very rapidly, and may
require as little as one trial. The only real requirement is that the
schemes whose connection is to de established be simultaneously present
in working memory for scme brief period of time. .

Given that rapid relational learning requires the simultaneous
centration of at least two schemes in working memory, it follows that
there should be "learning explosions® asscciated with the transition
from a functional memory of one to a functional memory of two within
any given stage of development.

One such shift has in fact been noted by White (1970}, at the time
when children's functional working memory for concrete coperational tasks
goes from 1 te 2 (namely five years of age). Another such shift appears
to coccur for language tasks at the age when functicnal memory goes from
one to two. Language learning from the age of 12 to 20 months appears to
be a very slow, laborious affair. As soon as the child enters the two~
word stage, however, a learning explosion occurs which has led a number
of psycholinguists to conclude that language learning must be matura-
tionally programmed. Why this "programming" would have to wait until
about the age of 20 months might not be obvious within the context of
linguistic theory, but in the context of the present theory the explana-
tion would be as follows: Until age 20 months the sort of rapid learning
which takes place within working memory does not have a chance to operate,
because the requisite two units of working memory are not vet available.
If this notion is correct, similar explosions in learning should be
detected in infancy at about the age of four months, and in formal
operational tasks at about the age of 1l.

&

IMPLLCATIONS FQR LNSTRUCTION

The sort of instructional situation for which my theory has the
clearest implications is one where the chjective of the instruction is
to teach students an intellectual strategy for tackling a class of prob-
lems, vet where the students have great difficulty in mastering this
strategy via current instructional methods. Under these circumstances,
it follows from the theory that students' difficulties may very often
be traceable to one of the following sources.

1. The students are approaching the task with some preconceived
concept or strategy. This concept or strategy is reasonable but over-
simplified. As a consequence, it interferes with their apprehension of
the correct strategy,
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2. The students are incapable of coping with the informational
demands which are placed on them by the teacher or the curriculum.
That is, the demand which the learning situation places on their work-
ing memory is greater than the maximum which zs available at their
age level.

3. The functicnal working memory which the students have avail-
able for the particular task is less than the maximum which would
normally be available at their age level, because they €ind the
operations which the task requires to be unusually 6ifficult.

Given that students' difficulties do stem from one of the above
three sources, it also follows from the theory that ‘the difficulties
can be remediated in one of two fashions: either by waiting for the
process of development to occur speontanecusly, or by isclating the
source of the difficulty precisely, and adjustxng the instructicnal
conditions so that it no longer occurs.

The cption of waiting for development tc occur spontaneously
requires little comment. The appropriate age for the introduction of
any particular strategy given currently available methods can always
be determined empirically. One simply teaches the strategy using con-
ventional methods at a number of different age levels, and selects
that age at which the failure rate meets some minimum level. If there
is no particular cost attached to delaying instructien in the strategy
then, this option is a simple, straightforward means of dealing with
students' difficulties.

What about the option of isolating the source of children's Jiffi-
culties more precisely, and adjusting instructional methods to overcome
them? There are many instances where there is a cost attached to
delaying instruction in a strategy. Thus, this second option should
also be explored. Exactly what guidance can be derived from the theory?

1. Consider first the possibility that students may be appreaching
the task with an incorrect strategv. This difficulty should be able to
be reduced by a two-step procedure. The first step is to examine the
errors which students are making on the task, and to diaonose the stra-
tegy which is leading them to make these errors. The second step is to
provide the students with a sequence of activities which will demon-
strate the inadequacy of their current strategy to them, and which will
provide them with the opportunity to develop and consolidate a more
adequate strategy.

2. Consider next the possxbxlzty that the instiuctional segquence
may be overtaxing students' working mémories. This difficulty should
be able to be reduced by minimizing the number of items of information
to which the students must attend in order to understand the basic task
paradigm, and by maximizing the familiarity and salience of this infor-
mation. (The more familiar and salient a cue, the less working memory
needs to be devoted to the task of extracting and utilizing it.)

3. Finally, consider the possibility that the basic 6peraticns
required by the strategy which is being taught may be over-taxing
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students’ working memories. This difficulty should be abie to be
reduced by analy2ing the basic operations which are required by the
strategy, and by providing daily practice in these aperations throuch-
out the curriculun.

The above steps constitute the core of what might de termed a
“Nec-Piagetian" approach to the design of instruction. That is, they
constitute the core of the approach which would ke dictated by the
Neo-Piagetian theory which I described in the previous section, for
any situation where (1) the object of instruction is to teach a &iffi-
cult intellectual strategy, and (2) the alternative of delaying
instruction until a higher level of development.has been reached is
for some reason not a practical one.

My cbjective in the present section is to elaborate on the above
general approach, and to provide the reader with sufficient informa~
tion that he may apply the approach to his own area of interest, whether
this be science teaching in the classroom or the design of new science
curricula. 1In order to do this, I shall first present a concrete exam-
Ple of a science problem to which the approach was applied, and where a
new “mini-curriculum" resulted. I shall then present scme data on the
effectiveness of this miniecurriculum, and of others like it. Finally,
I shall provide a slightly more formal and detailed description of the
apprecach. Hopefully, this description will permit the approach to be
applied to a broader range of situations where the goal is to develop
students' rational powers to their fullest.

A DIFFICULT SCIENTIFIC TASK: CONTROLLING VARIABLES

The instructional task which I shall use as an illustration has
been studied in some detaii by Inhelder and Piaget (1958). It is
normally referred to as/Controlling Variables. One of the tests which
was designed by Inheléer and Piaget to assess children's understanding
in this area is called Bending Rods. In this test, children are ore-
sented with an apparatus consisting of a set of rods which vary in
length, diameter, material, and cross-sectional area attached to a
stationary block of wood. The rods extend horizentally from the woog.
The children are to utilize the apparatus to determine what makes some
of the rods bend more than others when weights are placed on the ends
of the rods. After they have conducted a preliminary investigation,
they are asked to design an experiment to determine whether or not some
particular variable (eq. rod diameter) exerts an effect on rod flexi~
bBility.

While the necessity of controlline variables in this test may

appear quite obviocus to the college educated adult, it is not at all
obvious to the child. The task is rarely passed prior to adolescence,

and even then is passed consistently by no more than 50 percent of the
pepuilation. As a consequente, recent curricula in science” have begun

to include units on controlling variables which are based on Piaget's
work, and which use this task or tasks like it as post tests (cf. Karplus,
1963}, Even though children appear to enjoy these curricula, however, it
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is not always the case that they pass the Bending Rods problem when
it is administered as a posttest. '

Suppose, therefore, that cne's objective was to teach children
how to contrel variables, and that for some reason one déié not want
to wait until the last years of high school to do se. How would cne
proceed? « )

Diagnosis of Children's Incorrect Strategies

1.1 In order to determine whether children who fail the Bending
Rods task do so because they apply a systematic but incomplete strategy,
the first step I took was to examine Inhelder's protocols of children's
responses to the task. As even a cursory examination of these proto-
cols reveals, children in the age range from 7 to 12 generate responses
which are highly consistent. For example, when asked to determine
whether diameter exerts an effect on rod flexibility, they pPick a pair
of rods which differ in diameter but which also differ aleng a number
of other dimensions. They then place an equal size weight on each rod
and note whether or not there is a difference in vertical displacement.
If there is; they conclude that.diameter affects rod flexibility., 1If
there is not, they conclude that it does not.

1.2 Having examined the incorrect responses which young children
generate, my next step was to generate a hypothesis concerning the
nature of the underlying strategy that children employ on the task.

The first possibility which occurred to me was that children's strategy
is tc manipulate diameter and to observe the effect cn flexibility,
without any regard to other possible variables which should be con-
trolled. A second possibility which occurred to me was that children's
strategy might - to manipulate diameter and to control all possible
confoundirg variables. The reason for their errors in this case would
be they were less aware than clder children of what other variables
might be of importance.

1.3 In order to determine which of the two strategies children
were using, I modified the testing procedure for the Bending Rods
situation somewhat. I increased the length of time children were given
for exploring the rods, and I asked them enough probing questions during
the pre-test period to ensure that they discovered all the variables
which were relevant. I then asked them to summarize their findings,
and reminded them of any variable which they left out of their summary.
Under these conditions, 1 discovered that children's responses remained
essentially unchanged. Thoy still selected a pair of rods which
differed in & number cf rescects other than diameter. I therefore
concluded that their strateoy was to vary the independent variable of
interest, and to note its effect on the dependent variable, without
paying any attention to confounding variables. While this strategy
is of course quite reascnable, it iz alse incomplete.
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was to design an instructional paradigm which would permit them to
determine on their own the consequences of their methed of approaching
the task. The Bending Rods task is & good assessment device, dut it
does not provide children with the sort of feedback which I felt they
needed for realizing .that their current appreoach was inadequate, A
child who believes that diameter affects flexibility, and who sees that
the thin rod which he has chosen does indeed bend more than the fat »d,
receives no feedback from the task that his strategy is inadequate. He also
has no motivation for searching out such feedback. In order to previde
children with this sort of feedback, I decided to use a task which had
been designed by a colleague of mine, Robert Kenzie (Renzie, 1972},
Kenzie's task is illustrated in Fiqure 1. The child is asked to deter-
mine which weigh more, the dark coloured rods or the light colcured rods.
As may be seen, the rods are embedded in dblocks which may also vary in
weight. The types of rods vary from trial to trial, and the child's

task is to estadlish their relative weight without removing them from
the blocks. However, the child is allowed to check the validity of his

conclusion after every trial by removing the rods and weigh;ng them
separately,

In addition to prowviding the child with a procedure for deternining
the effectiveness of his current strategy, the rod and block paradigm
St sfies the three criteria which I mentioned in the introeduction for
misimizing the load on working memory. First, it minimizes the number
of items of information which must be dealt with. There is only one
possible confounding variable, not three or four as in the Bending Rods
task. Second, it presents a task situation and a set of cues which are
familiar. 1In the Bending Rods situation some of the relevant cues (e.g.,
rod shape} are unfamiliar. Finally, the cues which the task presents
are both distinct and salient. In the Bending Rods task, a number of
dimensions overlap. The cues which indicate that a rod is round, for
example, are the same as those which indicate that it is large. Thus,
the work of disentangling them is left to the subject. Similarly, the
differences within any dimension are often hard to detect. The differ-
ences in diameter, for example, are on the order of 2-3mm. This leaves
the work of isolating variables entirely up toc the subject, and places
an unnecessary lcocad on his working memory.

2.2 Having found a procedure whereby the child could determine the
eifectiveness of his current strategy with minimal attentional effort,
mv next step was to present him with problems for which his current
sirateqy was inadequate. I did this by inserting lead weights in the
dark coloured blocks, and then presenting children with the visual array
presented in Figure 2 (Case, 1974). When I did this I found that all
the children chese the pair of blocks which was closest to them, and
concluded that the silver rod (aluminum) was heavier than the gold rod
(brass). As soon as they checked their conclusion by removing the rods,
they realized they had made an error.
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2.3 Having devised a demonstration of the inadequacy of the
children's incorrect strategy, my nex’. step was to devise an explana-
ticn for why the strategy was inadequate, I invited all the children
to fiqure out the reascn on their own. However, for those who were.

unable to do so (over m: the children tested} I prwided the follow-

ing e:qpla.natien-

Feel these blocks. I focled you hecau.se this block was sc
heavy that it pulled the balance down (gesture). It made
the silver rod look heavier, even though it was not,

Note that the above explanation again satisfies the three criteria

which were menticned with regard to the lcad on working memory. First,

it reduces the number of items of information which must be dealt with

to a bare minimum. The language is simple, and the subject deces not
even have tec focus on both blocks, only on the one which is heawvy,
Second, the explanation maximizes the familiarity of the information
to be dealt with. No reference is even made to a variable as such,
only to blocks and their weight. Finally, the explanation renders the

cues which must be attended to salient verbally, and further highlights

ther by having .the child feel the block.

7
v

2.4 Having demonstrated the inadequacy of the strategy which the
child utilized spontanecusly, my next step was to provide a demonstra-

tion of the correct strategy. I did this by inviting the child to think

of a way he could have done the experiment so that he would have
obtained the right answer. If he could not figure this out on his awn

‘{as very few could), I demonstrated the ¢orrect strategy as follows.

I picked up a light block with an aluminum rod, and placed it on one

side of the balance. I then picked up anothetr light block with a bra.ss

rod, and placed it on the other side of the balance. Then I said:

" You should pick up two rods where the blccks are the same.
See {releasing the balance). It doesn't fool you. The
silver one doesn't look heavier this time,

Note once again that this demonstration places only a minimal lcad

on the child's working memory. The number of items of information
which need to be attended to is low, the content and language .aT€
familiar, and the perceptual configuration is extremely clear.

2.5 After demonstrating the correct styategy, I provided the
following elaboration and explanation: :

Now pay attention carefully and I'll explain why the

blocks have to be the same (putting two different coloured
rods on the balance). Which is heavier? Right, the brass.
Now see (putting a light block on each pan, but not ccnnect-
ing them to rods) when the blocks are the same, the brass
one still looks heavier. The blocks don't fool you because
they're the same (demonstrating the equality by removing the
rods, and showing that the two blocks balance) . See, they
balance, so they can't £(5l you. Even if I use these two
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(putting on two heavy Blocks} they can‘t fool you, .
because they'’re the same. They can't make the silver
cne look heavier. But look what happens when I ‘put two
ditferent ones on. See, this cne can make the silver
one loock heavier, even though it isn't (demonstrating). .
It always works ‘that way. If you make two blocks the
same, they can't foel you. You can tell which rod is
heavier, But if you don't, it (the heavy block) ¢

fool you. . «

¥

In retrospect, it seems possible that I might have been able simplify

the above explanation further. Nevertheless, even in the above fom, -
the explanation showed the child why the correct strategy works in

terms which are relatively simple and familiar, and in a context ﬁ@eze
the infomation which had to be ccordinated was high’y salient.

\
!

2,6 My final step was to provide a period of practice, caachiﬁg,
and generalizaticon. This practice tock abeut 80 minutes, and was spread
across four sessions. After the above demonstration had been provided,
children were given several more examples where the relative weight of
two (new) rods had tc be determined, °During this periced, they were
allowed to procéed on their own, and I only intervened if they made some
error. After each trial, I took ocut the rods &.:d allowed the child to
check the accuracy of his inference. If the child had made an error, I
repeated my explanation and demonstration. '

Oh the second day I reviewed the same task and then presented the
child with a situation where the twe variables in question could not be
disassociated from each other physically. The situation involved
bouncing twe different kinds of squash balls from different heicghts.

If the child made an error, I drew an analogy to the bleck situation,
and asked “How de you know it (eg.,bounced higher) because (eg.,it's

made of harder rubber)? Maybe it's just because (eg., It was dropped

from higher up).

On the third day, I again reviewed the block demonstraticon, and
then introduced a three variable problem. This problem invelved deter-
mining which of two rollers would win a race down an inclined plane.
The rollers were of different diameters and different materials. 1In
addition, scme were filled with wax and some were hollow. If the child
controlled ocne of the two pessibly confounding variables, but not the
third, I told him he had been "fooled," and asked him to look more
closely to make sure that the two cbjects were the same in all respects
except the one he was interested in. Finally, at the end of this
session, I introduced a counter-suggestion: "Would this be ancther
fair way to prove it?" This sensitized the child to the possibility
that another test which yields the same results is not necessarily an
adequate one,

On the fourth day, again after a review, I introduced a task for
which the number of variables was the same as the Bending Reds prcblem.
This task involved dropping chips of varying sizes and materials and
thicknesses down long tubes filled with water. The chips also centained
holes which varied in sizes and positions. The question was what
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variabies affected the speed with which the chip would float down to
the dettom of the tube. Once again, I left the child to his own
devices unless he slipped back :Lnto his criginal strategy or failed
to notice one of the variables. *Once again, too, I presented a
countex suggestien at the end of x\ea.ch t.rial '

a.ltheuqh it may not be chvieus, the ahove sequenc:e did more than
simply provide children with practice in consolidating their newly
acquired strategy. It alsc minimized the load on their working memory
while they did so. New components were introduced to the task only
one at a time, and after extensive practice on the basic strategy.
This minimized the number of items of information to be dealt with
at any one time, and maximized the familiarity of previous items of
information. In additien, when any new component was introduced, it
was always rendered salient by me at first, and then gradually allowed
to assume its normal salience as the subject becane aceustamed to
taking it intc account.

Finally, there was very probably a moéifieation of the strategy
which was used for success, which resulted in a further reduction in

the load on children's working memories. Wwhen adults perfom the task,

they appear to form a mental checklist of the variables to be con-
trolied and then search for rods which meet all of the appropriate
dimensional criteria at once. The effect of my asking the children
"to check again to see if they had missed@ anything' was very prcobably
te encourage them to do in sequence what the adults do in parallel.
For example, instead of loocking for a long rod which was brass, thin
and round, they probably just looked for a rod which was long and
similar in its global appearance to the short rod they had already
selected. Then, after they had found a long rod, they very prcbably
scanned its perceptual characteristics one by cne, and compared them
to those of the short rod. This sort of strategy would reduce the
working memory load associated with controlling variables from three
to cne.

- «

Effectiveness of the Neo~Piagetian Approcach

To date, only a few studies have been conducted on the effective-
ness of the approach which I described in the previous section.
However, the results have been uniformally positive.

The Control of Variables program was tried out with a group of
eight-year-olds, and compared with the effect produced by a period
of structured test experience (Case, 1974). By itself, the structured
test experience produced some improvement in performance, as is often
the case with Piaget's formal tasks (cf. Stone and Day,‘1978).
Twenty percent of the subjects who received this treatment showed
clear evidence of contrelling variables on the Bending Rods posttest.
By contrast, however, 80 percent of the subjects who received the neo-
Piagetian curriculum showed a comparable degree of mastery. As a
consequence, the mean score of this group was higher than that
normally attained by untrained 15 and l6-year-clds. Furthermore,
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there was no decrement in performance when the test was readministered
two months later. 1In fact, there was an increment. These results
have now been replicated on two occasions; using a variety of poste
tests which the children do not encounter éuzzng the training pericd
{cf. Case, 1577).

A program for teaching the Missing Addend preblem (i.e.,
2 +{= 5) was tried out with & group of kindergarten children, and
the results were compared to those produced by the curriculum currently
in use in the California school system (Gold, 1974). On a posttest
given two days after the inmstruction, only 10 percent of the group
receiving the conventional curriculum showed evidence of having
mastered the task. By contrast, 80 percent of the group who received

the specially designed curriculum showad 8 cnnp::able degree of
nsgtery,

In a subsequent study, the same program was tried cut with a group
of kindergarten and grade one children, as well as with a group of
math-disabled grade two children (Gold, 1978). In addition, the pro-
gram was compared to a program based on Gagné's approach, When
compared to the conventional approach to instruction, the results were
essentially identical ta those mentiocned above. On a posttest admin-
istered one month after the instructicn, none of the children who
received the conventioral program performed at the designated mastery
level. By contrast, 72 percent of the children whe received the nec-
Piagetian program performed at that level. There was no significant
quantitative difference between the neo-Piagetian and the Gagrfe based
prograns, However, interestingly enough, there was a qualitative
difference. The students wheo had received the neco-Piagetian program
continued to solve the problem by the strategy which they had been
taught. By contrast, many of the students who received the Gagre based
instruction used a'different method from the one they had been taught.

To date, only two other systematic evaluations of the nec~-Piagetian
approach have been conducted, In the f£irst, a neo-Piagetian conserva-
tion training program was administered to a group of middle class
kindergarten children with working memories of two and three (Case,
1977). Its effect was compared with that produced by a period of either
structured test experience, or structured test experience coupled with
informative feedback. Once again, the two control treatments both had
a positive effect., On a posttest which was administered several days
after the instruction and which utilized different materials, 23 percent
of the children receiving the structured test experience showed clear
evidence of conservation, and 32 percent of the children receiving the
test experience plus feedback shcwed a comparable degree of mastery.

By contrast, 79 percent of the children receiving the deyelopmentally
based curriculum satisfied the mastery criterion.

Finally, similar results were obtained with a neo~Piagetian curric-
ulum for teaching children to solve Proportion Problems (Gold, 1878),
This program was tried out with groups of normal grade four and five
students, as well as with a group of math-disabled grade six and seven
students. It was compared with the effect of a conventional curriculum,
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as well as with a.Gang-hased curriculum. On a posttest given one menth
after the instruction, only 22 percent of the children in the conven-
tional group showed clear evidence of having mastered the concept,
By contrast, 100 percent of the nea-Pia‘getxan group attained the
designated mastery criterion. The Gagixe program was alse quite effec~-
tive for the normal group<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>